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CHAPTER 1: INTRODUCTION 
 
“Waste Activated Sludge Generation and Approached Solutions In the 
Context of Resource and Energy Recovery” 
 
1.1. Statement of the problem 
The growing of the population and the development of industry and economy raises 
serious concerns about the large quantities of wastewater are produced from different human 
activities. To deal with such problems, a numbers of wastewater treatment plants (WWTPs) 
have been constructed and operated in order to prevent sewage contamination and 
environmental pollution and to ensure human health security. Figure 1.1 shows the general 
wastewater treatment flow chart.  
Figure 1.1. General wastewater treatment flow chart 
There are many methods have been applied in the WWTPs including physical, 
chemical and biological treatments.  To achieve efficient treatment, in most WWTPs the 
biological process have been installed, especially for domestic and industrial wastewater. 
Among the biological treatment processes, the most commonly one is the activated sludge 
process. In this process, this treatment is based on the aeration of wastewaters mixed with 
bacterial cultures. The pollutants are degraded by microorganisms in wastewater and bacteria 
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grow in the aggregated and suspended form, removing organic matter from the influent 
wastewater. However, the activated sludge process generates a considerable amount of the 
waste activated sludge (WAS) which is one of the largest by-products of biological process in 
WWTPs. 
As shown in Fig. 1.1, WAS comes from the secondary treatment in which part of 
activated sludge is returned to the system to maintain a concentration of activated sludge in 
the aeration tank sufficient for the desired degree of treatment and the excess activated sludge 
should be wasted to maintain the desired solids concentration in the aeration tank. WAS is 
often putrescible and needs to be stabilized for safe disposal or other applications. It includes 
contaminated substances, heavy metal, persist organic pollutants and pathogens needed to be 
properly treated prior to discharge to the environment. 
Conventionally, main alternative methods for sludge disposal are landfill and 
incineration. Firstly, WAS is dried or squeezed, in order to remove water content, into hard-
solid form by heat or squeezer. Depending on selected method, WAS later is disposal to the 
landfill or incinerated by the incinerator (Fig. 1.2) 
 
Figure 1.2. Conventional treatment of WAS 
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The treatment process of WAS is very costly due to management expense, energy 
consumption and strict environmental regulation. The treatment, handling and disposal of 
WAS might be up to 60% of the total WWTPs operating costs (Weemaes, Grootaerd, 
Simoens, & Verstraete, 2000). The operation of sanitary landfill of WAS is limited to prevent 
health risks to human and livestock due to potentially toxic elements in the sewage sludge. 
Lacking of available land space, coupled with increasing strict regulations governing, the 
design and operation of new landfills, have caused the cost constructing and operating new 
landfills to rise sharply. Thus, incineration appears as the selected method for the sludge 
discard. However, the incinerator often leaves remained ash, which tends to go to landfill as it 
cannot be disposed elsewhere due to hazardous contents such as the high heavy metals and 
general toxicity. Therefore, the current legitimate force, the rising costs and public sensitivity 
of WAS disposal have provided considerable impulsion to explore and develop strategies and 
technologies to reduce sludge production. 
 
1.2. WAS characteristics 
WAS is derived from a secondary settling tank andits quality is affected by the 
process parameters and feed characteristics of the upstream operation conditions such as the 
solids residence time, temperature, chemical addition and process configuration (Ekama, 
Sötemann, & Wentzel, 2007). Due to the cell walls and the floc matrix that are very resistant 
to degradation, WAS is characterized as being a slowly biodegradable material (Baier & 
Schmidheiny, 1997). Excess sludge consists of a mixture of micro- organisms, undigested 
organics such as paper, plant residues, oils, or fecal material, inorganic materials and 
moisture. The undigested organic materials contain a highly complex mixture of molecules 
coming from proteins and peptides, lipids, polysaccharides, plant macromolecules with 
phenolic structures (e.g. lignins or tannins) or aliphatic structures (e.g. cutins or suberins), 
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along with organic micro-pollutants such as polycyclic aromatic hydrocarbons (PAH) or 
dibenzofurans. The general characteristics of WAS is shown in Table 1.1. 
Table 1.1. General characteristics waste activated sludge (adapted 
from (Tchobanoglous, Barton, & H, 2003) 
Parameters Waste activated sludge 
Total dry solids (total solids, TS)% 0.8–1.2 
Volatile solids,VS (%TS)  59–68 
Nitrogen (%TS) 2.4–5.0 
Phosphorus (%TS)  0.5–0.7 
Potash (K2O %TS)  0.5–0.7 
Cellulose (%TS)  7–9.7 
pH  6.5–8.0 
Grease and fats (%TS)  5–12 
Protein (%TS)  32–41 
Alkalinity (mg/L as CaCO3)  580–1100 
Organic acids(mg/L as acetate) 1100–1700 
Energy content (kJ/kg TS)  19,000–23,000 
 
The organic matter is accounted for 59–88% (w/v) in WAS and decomposable and 
produces the offensive odors. Only a small part of the sludge is solid matter in which over 
95% is water. The organic portion contains 50–55% carbon, 25–30% oxygen, 10–15% 
nitrogen, 6–10% hydrogen, 1–3% phosphorus and 0.5–1.5% sulfur (Orhon D, 1997). The ash 
from WAS contains mainly minerals such as quartz, calcite or microline. These minerals are 
formed by elements such as Fe, Ca, K and Mg. Furthermore, some heavy metals such as Cr, 
Ni, Cu, Zn, Pb, Cd and Hg can also be found in the sludge (Fonts, Azuara, Gea, & Murillo, 
2009).  
 
1.3. Sludge utilization approaches in the context of resource and energy recovery 
Due to complex composition of WAS, the potential for resource recovery from sludge, 
depending on the applied technology,are variant such as  biogas, fuel gas, electricity 
generation, production of construction material, nutrient recovery, biofuel recovery (syngas, 
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bio-diesel, bio-oil), recovery of hydrolytic enzymes, polyhydroxyalkanoates (PHA) (for bio-
plastic manufac- turing), bio-fertilizers, bio-sorbents etc. The used technologies for resource 
recovery from sludge are discussed in the followng text. 
 
1.3.1. Anaerobic digestion 
Anaerobic digestion is a biological treatment process which degrades biological 
material typically between the temperature of 35 ºC and 55 ºC in an anaerobic environment 
(Tchobanoglous et al., 2003). Anaerobic digestion is commonly used to treat the sludge that 
has been produced through the biological wastewater treatment process and it is the most 
popular sludge stabilization technology currently in the market (Cao & Pawłowski, 2012). 
The process transforms sludge organic solids to biogas, which is amixture of CH4, CO2, and 
traces of other gases. The fermentationis a complex process involving four phases of 
biochemical reactions. Hydrolytic bacteria are responsible for breaking down organic 
compounds (polysaccharides, proteins, and fat) by extracellular enzymes into soluble ones, 
through a process called hydrolysis.  Next in acidogenesis, the products of the hydrolysis 
(sugars, amino acids, and fatty acids) are converted into organic acids (acetic, propionic, and 
butyric), alcohols and ketones, carbon dioxide, and hydrogen gas by fermentative acidogenic 
bacteria. In acetogenesis stage, short-chain organic acids and alcohols produced by 
acidogenesis are further processed by acetate-forming bacteria to yield mainly acetic acid, as 
well as carbon dioxide and hydrogen. The final stage is methanogenesis which is the 
conversion of hydrogen and acetic acid into methane gas (Grady Jr., 1999). Toxic organic 
compounds are only partly removed in the anaerobic digestion process. Besides the residual 
toxic organics, the digested sludge still contains the heavy metals, soluble phosphates, and 
inorganics. To obtain a complete solution, a further treatment is necessary, for example, by 
dewatering the digested sludge, incineration of the sludge cake, and treatment of the 
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supernatant. However, it has to be realized that after recovery of the biogas the energy 
content of the residual fraction is low, which means that incineration of this fraction with the 
aim to recover energy has become less attractive. 
Hence, anaerobic digestion is used to stabilize the sewage sludge and convert part of 
the volatile compounds into biogas. This biogas can be utilized as a source of energy in the 
production of electricity or heat at the WWTP or elswhere. Currently, anaerobic digestion of 
sewage sludge is mainly applied at largeand medium-sized wastewater treatment plants. 
However, also, a growing interest is observed in the application of anaerobic treatment in 
small-sized plants (W. Rulkens, 2007).  
 
1.3.2. Incineration 
 Incineration is a thermal process in whichthe organic compounds are completely 
oxidized of at high temperature. In this process, the biosolids made from primary and 
secondary WAS are burned in a combustion chamber supplied with excess air (oxygen) to 
form mainly carbon dioxide and water, leaving only inert material (ash) (Kirk, 2010). The 
process can either be applied to mechanically dewatered sludge or dried sludge. Potential 
environmental problems related to sludge incineration are the emissions of pollutants with the 
exhaust gases to the atmosphere and with the quality of the ashes. However, there is a lot of 
standard technology available to efficiently control the gaseous emissions, thus the stringent 
airquality standards can be met. Regarding the ash quality especially with heavy metals 
content in the ash, due to the high temperatures applied in the incineration process, the heavy 
metals are verywell-immobilized and resistant to leaching (W. Rulkens, 2007).This ash has to 
be disposed of or can be used as a source for the production of building materials. Heat can 
be recovered from the off-gas and can be used for process heat or to generate power 
usingsteam turbines.Presently, sludge incineration methods are progressively determined on 
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the energy recovery from the sludge in the form of heat or electricity (Guibelin, 2004). 
Practically,the Metro WWTP in Minnesota, U.S has been successfully implemented an 
incineration with power generation . The plant has a 3.5 MW generation capacity, which 
reportedlyreducestheplant’s greenhousegasemissionsby approximately 18%. A number of 
other incineration facilities in Cleveland, Ohio (U.S.) and in Hartford, Connecticut (U.S.) are 
in design to implement power recovery with expected generation capacities of 2.0 and 0.8 
MW, which will provide 20% and 40% of the facilities' energy needs, respectively(Kirk, 
2010). Furthermore, the use of dried sludge has been advanced to be incinerated in a coal-
fired powerplant in order to reduce the high costs of an incineration plant for sludge as well 
as to improve the energy retrieval efficacy(Luts, Devoldere, Laethem, Bartholomeeusen, & 
Ockier, 2000). The energy recovery from sludge incineration can effectively be enhanced by 
enhancement of thesludge dewatering and drying processes and possibly also by the usage of 
the low-caloric surplus heat from the exhaust gases of the powerplant. 
 
1.3.3. Gastification 
Gasification involves the breakdown of dried sludge in an ash and incombustible 
gases at temperatures usually about 1000 oC in an atmosphere with a oxygen-starved 






Figure 1.3. Gastification process with energy recovery (Kirk, 2010) 
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The process generates products include heat (utilized to generate power and process 
heat) and syngas (syntheticgas). The chemical composition of the end products and the 
energy content are affected by the gasification agent (air, oxygen, orsteam), the gasifier 
operating temperature and pressure, and feed characteristics (type, drysolids, and volatile 
solids). Dry material, such as wood or green waste, can be blended with the sludge to meet 
the required energy characteristics.  
An advanced pressurized entrained flow gasifier has been started at pilot scalein 
Germany. Gasification takes place at hightemperature (1400–1700 oC) and high pressure 
(0.6–2.6 megapascal (MPa), using pure oxygen as the oxidant. At these hightemperatures, the 
ash from the sludge forms a molten slag, which is quenched, in the bottom of the gasifier, 
forming fine-grained slag particles. The raw gas is cleaned by removing CN, NH3 and H2S to 
produce a high quality syngas. The vitrified slag is completely inert and can be used as an 
ingredient in concrete mixes. Extensive monitoring of the process has revealed that heavy 
metal sand organo-chlorine compounds are completely controlled (Spinosa, 2004).The 
gasification facility for biosolids treatment currently is also operating in Sanford, Florida, 
anda demonstration system is under construction in Stamford, Connecticut.Thus, WAS 
gasification is expected to result in significant energy recovery, however these types of 
systems are still in the early stages of implementation and will need to be proven overtime. 
 
1.3.4. Wet air oxidation (WAO) 
 Wet oxidation is a chemical oxidation of sludge (by addition of O2) at high 
temperature (150–330 oC) and high pressure (6–20 MPa). The main output of the process is 
sludge containing more than 95% of mineral components and less than 3% of low-molecular 
organic substances then the sludge is dewatered and recycled(Weemaes & Verstraete, 1998). 
The major advantages of WAO process  can be listed as: improves dewater ability, low 
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energy and no fuel requirements, low air pollution concerns (no NOx, SO2, HCl, dioxins, 
furans, fly ash),  small footprint, suitable to sludges with metal content, reduction of 
greenhouse gas (CO2) generation, residual solids are intrinsically resistant to leaching, 
chemical oxygen demand and volatile suspended solids reduction of 70% and 90%, 
respectively, and high organic nitrogen removal (70%). However, the process also have some 
limitationssuch as high capital and maintenance cost, does not significantly reduce total 
solids (7%), high ammonia production may be a problem with down stream treatment and 
high corrosion problems have caused some operations to be suspended(Pérez-Elvira, Nieto 
Diez, & Fdz-Polanco, 2006). 
A process called ZIMPRO was the oldest process based on the wet oxidation 
technology, developed in Netherlands in 1960s but high energy-costs, corrosion and odor 
problems were the major drawbacks of the process (Weemaes & Verstraete, 1998). Lately 
there has been new interest as addition of catalysts has made it feasible to lower pressure and 
temperature (Bayer Leprox-process). In addtion,ATHOS which is acommercialtechnologyis 
developed basedonthe WAO ofsludge.The processare the heating of 
sludgeinthepresenceofoxygen,which will degrade organic materials. The oxidation of 
sludge’s organic matter produces water, carbon dioxide and easily biodegradable organic 
compounds (aceticacid, fattyacid) (Luck, Djafer, Rose, & Cretenot, 1998). 
 
1.3.5. Supercritical water oxidation (SCWO) 
Under normal conditions, water is seen in any of its three states: steam, liquid water, 
or ice. If water is heated and compressed to sufficiently high temperature and pressure, an 
additional fluid state of water emerges. Water at high temperatures and pressures, above 374 
°C and 221 bar, is a fluid that is neither a gas nor a liquid and it is in the supercritical state. 
The advantage properties, which are superior abilities to dissolve oxygen and organic 
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compounds, of water above its critical point explain for the efficiency of SCWO in sludge 
disintegration(Svanström, Patrick, Fröling, Peterson, & Tester, 2007). SCWO occurs at 
temperatures and pressures above the supercritical point of water however, it has a low 
solubility for mineral compounds, such as sodium chloride. With supercritical oxidation, the 
organic compounds are completely oxidized. Nitrogen, present in nitrogen-containing 
compounds, such as ammonia and amino acids, is converted into nitrogen gas and also toxic 
organic compounds are completely oxidized. The oxidation rate at supercritical conditions is 
much higher than at subcritical conditions. 
The main advantages of this process are: high reduction of volatile solids and total 
solids (60–80%), complete oxidation of organics (COD>99.9%reduction), low emissions 
(NOx, SO2 scrubber needs; no HCl, halogens, furans, dioxins, poly-chlorinatedbiphenyls), 
residuals resistant to leaching, appropriate to metal laden sludge, complete reduction in 
greenhouse gases, suitable to hazardous waste treatment, offers heat recovery and is self-
sustaining and less fuel necessities (Pérez-Elvira et al., 2006). However, the major limitations 
of SCWO process are: corrosion related problems, needs safety systems for handling pure O2 
or H2O2 as oxidants, needs high-tech reaction chambers, produces ammonia, which may 
affect the liquid treatment process, elevated capital and maintenance cost, needs feed waste to 
be pre-thickened to 5–10%, feed sludge should be homogeneous and grits free and selection 
of oxidant, reaction time, temperatures and pressures needs pilot scale study. 
Stendahland Jafverstrom reported from pilot plant tests in Sweden with the Aqua Reci 
process and conclude that the SCWO process is feasible to decompose organics to more than 
99.9% (Stendah & Jäfverström, 2004). In this process, carbon and hydrogen from organic and 
biological constituents are oxidized to CO2 and H2O; nitrogen, sulfur and phosphorous form 
N2, SO4
2− and PO4
3−, respectively; organic chlorides are converted to Cl−; and heavy metals 
are oxidized to the corresponding oxides. Approximately all of these reactions have shown 
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transformations of 99.99% at 600 oC with a reaction time of 30s or less. This means that the 
required reactor size is relatively small. Energy recovery from this oxidation process can 
occur directly by heat exchange in the reactor or from the exit flow from the reactor. 
An interesting study into the applicability of SCWO for sewage sludge is given by 
Svanström (Svanström, Model, & Tester, 2004). A schematically presentation of a complete 
process based on this study is given in Fig. 1.4. From their laboratory-scale research, system 
design and simulation, it can be clearly concluded that supercritical wet oxidation has a high 
potential to solve the sludge problem in a sustainable way and appears to be also 
economically competitive with existing high-thermal sludge treatment systems.
Figure 1.4. Supercritical oxidation of sewage sludge (Svanström et 
al., 2004)
Incomparison to sludge incineration, SCWO has the advantage that off-gas treatment 
is very simple, so that the costs of off-gas treatment can be neglected. It is also not necessary 
to dewater the sludge before the oxidation process. The inorganics present in the treated
sludge can easily be removed from the water phase as ash (W. Rulkens, 2007). While the cost
of treatment is high,the value from the SCWO method in terms of sludge volume decrease 
together in excess of 90% recovery of energy, coagulants and phosphate represents a value,
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which will off set the cost of operation (Stendahl & Jäfverström, 2003). However,large scale 
practical experience is not available yet. Use of oxygen in the process, use of high-pressure 
piping, the need of high-pressure reactors, and potential corrosion problems if chlorides are 




Sludge pyrolysis is an innovative method developed to manage sludge and energy, 
where in the sludge is thermally treated (350– 500 oC) under pressure and in the oxygen 
deficient environment (Stolarek & Ledakowicz, 2001). In this method, the sludge is 
transformed into char, ash, pyrolysi soils, water vapor, and combustible gases. Portion of the 
solid and/or gaseous products of the pyrolysis method are incinerated and used as heating 
source in the pyrolysis process. Process temperature, reaction time, operating pressure and 
raw material characteristics are the main factors that affect the yields of pyrolysis products 
(Khiari, Marias, Zagrouba, & Vaxelaire, 2004). Pyrolysis processes developed for energy 
recovery from sewage sludge can be categorized as slow and fast pyrolysis. Slow pyrolysis, 
which operates with a slow heating rate and with a long residence time, is commonly used to 
produce bio-char or activated carbon rather than energy product (bio-oil or py-gas). Different 
from slow pyrolysis, fast pyrolysis undergoes a thermo-chemical process at a rapid heating 
rate (around 100 oC/min), which allows bio-oil or py-gas to be dominantly produced (Cao & 
Pawłowski, 2012). 
Fluid beds are the most popular configurations of pyrolysis due to their ease of 
operation and ready scale-up, thus they are commercially popular nowadays (Bridgwater, 
Meier, & Radlein, 1999). A commercial installation of the pyrolysis process (Slurry-Carb, 
California,U.S.) is operating at a temperature of about 450 oC. The pyrolysis reaction alters 
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the molecular structure of the solids and releases CO2, thus reducing the mass of the solids by 
approximately 40%. The resulting carbonized solids are made into a slurry; that is thermally 
dried and pelletized to a solid fuel, called E-fuel, which can be combusted directly in 
pulverized coal boilers, gasifiers, fluidized bed incinerators, or used off-site as an alternative 
fuel (Kirk, 2010). The major advantages from pyrolysisare: destroysorganic compounds, 
synthesis gas can be used as chemical feed stock or, after additional processing, as a 
powersource, provide heat that can be converted to steam and power, lower volumes of flue 
gas and NOx emissions than incineration, low dioxins/furans and produces stable solid 
residues that allow further recycling. The major disadvantages are: some processes produce 
char, that requires further disposal, safety issues, especially with pure oxygen, complex 
processing, no current cost data and limited operatingdata (Pérez-Elvira et al., 2006). 
 
1.3.7. Hydrothermal treatment  
Hydrothermal treatment includes the heating of sludge in the water phase at 
temperatures between 150 and 450 oC in the absence of oxygen or another oxidant. Sludge 
hydrolysis during hydrothermal treatment resulting in the production and accumulation of 
high concentrations of dissolved organic compounds in the liquid phase (Shanableh & Jomaa, 
2001). The potential of hydothermal treatment for the recovery of energy from sewage sludge 
strongly depends upon the process performance. Protein hydrolys is results in amino acids; 
lipids hydrolysis produces fatty acids; and hydrolysis of fiber material and hydrocarbons 
leads to low molecular hydrocarbon substances such as sugars. Use of oxidants in the 
hydrothermal treatment, which makes the process more comparable to wet oxidation, has a 
positive effect on the formation of volatile fatty acid. Especially, these compounds are very 
interesting as carbon resource, not only in the production of biogas but also in the 
denitrification process and the biological phosphorus removal from wastewater (W. H. 
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Rulkens & Bien, 2004). The liquid residue of hydrothermally treated sewage sludge can be 
used as a marketable fertilizer, since it comprises three principal nutrients (N, P and K). 
Hydrothermal treatment of sewage sludge at 190 oC and 20 bar can considerably enhance the 
dehydration performance of the slurry like product, then the water content can be reduced to 
about 55% by mechanical dehydration (Namioka, Morohashi, Yamane, & Yoshikawa, 2009). 
 
1.3.8. Composting 
Composting refers to the process by which biodegradable waste is biologically 
decomposed under controlled conditions by microorganisms (mainly bacteria and fungi) 
mainly in aerobic and thermophilic environment. Composting is one of several methods for 
treating excess sludge to create a marketable end product that is easy to handle, store, and 
use. The end product is usually humus-like material without detectable levels of pathogens 
that can be applied as a soil conditioner and fertilizer to gardens, food and feed crops, and 
rangelands (García, Hernandez, & Costa, 1991). This compost provides large quantities of 
organic matter and nutrients (such as nitrogen and potassium) to the soil, improves soil 
texture, and elevates soil cation exchange capacity (an indication of the soil’s ability to hold 
nutrients), all characteristics of a good organic fertilizer. WAS compost is safe to use and 
generally has a high degree of acceptability by the public. Thus, it competes well with other 
bulk and bagged products available to home owners, landscapers, farmers, and ranchers. The 
advantages of composting can be listed as: destruction of pathogenic organisms, stabilization 
of organic matter, drying of the sludge, production of material which can be environmentally 
used or sold (Herrmann & Shann, 1997). 
To reach the above aims, the sludge has be mixed with structural materials in suitable 
proportion to obtain a C:N ratio of about 30:1 in the compost. In practice the most often used 
structural materials contain cellulose (i.e. wooden shavings, sawdust, bark, straw, leaf litter) 
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(Wen, Bates, & Voroney, 1995). In addition, many parameters influence the composting 
process and the most important factors are listed in Table 1.2 (Iannotti, Grebus, Toth, 
Madden, & Hoitink, 1994). 
Table 1.2. Parmeters affect on composting process (Iannotti et al., 
1994) 
Determination Value 
Temperature (oC) 55 – 60 
Moisture (W%) 40% < W < 60% 
Aeration (m3/t-h) 90 – 160 
Time of composting (week) < 4 
Time of ripening (month) < 6 
 
The process of composting can be performed in several ways: 
- Pile method - heaping up the sludge piles mixed with structural materials and 
periodically turning these piles to aerate; 
- Aeration’s heap method - similarly as in the pile method, but the heap is arranged on 
a porous layer, which is periodically aerated by a blower; 
- Oxygenic composting in reactors: i) vertical reactor (silo) - most often such reactors 
work in parrel rows and in the first reactor, the most intensive processes of decay of organic 
matter occur. The second reactor can be used for ripening; ii) horizontal reactor (tunnel 
reactor) - devices work in a single-stage arrangement. A big piston pushes the com posting 
mixture through the tunnel to its outlet and iii) with mixing - rectangular or round 
arrangement, in which the aeration and mixing system are placed in different positions. 
- Composting in anaerobic reactors - the mixture of the sludge and the structural 
material is closed in reactors, where processes of fermentation occur (Herrmann & Shann, 
1997; Iannotti et al., 1994). 
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The physical characteristics of most types of WAS allow for their successful 
composting however the process may have some limitations such as: odor production at the 
composting site, survival and presence of primary pathogens in the product, dispersion of 
secondary pathogens such as Aspergillus fumigatus, particulate matter, other airborne 
allergens and lack of consistency in product quality with reference to metals, stability, and 




“Methane Production by Anaerobic Digestion from Waste Activated 
Sludge as a Promising Alternative Renewable Energy” 
 
1.4. The role of bioenergy in renewable energy field 
The energy demand of the world has rapidly increased due to the expansion of the 
population. While global population has increased by over 1.5 billion over the past two 
decades, the overall rate of population growth has been slowing down. The number of people 
without access to commercial energy has reduced slightly, and the latest estimate from the 
World Bank indicates that it is 1.2 billion people (Gadonneix, 2013). Basically, most energy 
supply sources base on the fossil fuel which is going to be depletion. As shown in Figure 1.5, 
the fossil fuel account for 82% of total energy demand in the world in 2011 and is expected to 
reduce to 76% in 2020 by the growth of other energy sources including renewable energy. 
Renewable energy provides a promising alternative choice to deal with the energy crisis. 
Renewable energy normally places minimal or no negative environmental and social impact 
and avoids depleting natural resources.  
Among the renewable energy sources, bioenergy such as methane gas production by 
anaerobic digestion process have gained popularity and interest from abundant of research in 
laboratory scale as well as in practically application. Bioenegy can make a substantial 
contribution to supplying future energy demand in a sustainable way and can significantly 
increase its existing contribution to policy objectives, such as energy security, as well as to 
social and economic development objectives. It is presently the largest global contributor of 
renewable energy, and has significant potential to expand in the production of heat, 
electricity, and fuels for transport. Further deployment of bioenergy, if carefully managed, 
could provide: 
- A larger contribution to global primary energy supply; 
18 
 
-  Significant reductions in greenhouse gas emissions and potentially other 
environmental benefits; 
- Improvements in energy security and trade balances, by substituting imported fossil 
fuels with domestic biomass; 
- Opportunities for economic and social development in rural communities; 
- Scope for using wastes and residues, reducing waste disposal problems and making 
better use of resources. 
 
 
Figure 1.5. Total Primary Energy Supply by resources in 1993, 2011 
and 2020 (Gadonneix, 2013) 
 
According to the International Energy Agency (IEA) statistics, the share of bioenergy 
has been about 10% of total primary energy supply (TPES) since 1990 even though TPES has 
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been increasing at an average annual rate of 2.0%. Between 1990 and 2010 bioenergy supply 
has increased from 38 to 52 Exajoule (EJ equal to 1018 Joule) as a result of increasing energy 
demand in non - Organization for Economic Co-operation and Development (OECD) 
countries and, on the other hand, new policies to increase the share of renewable and 
indigenous energy sources especially in many OECD and but also in non-OECD-countries. 
The share of biogases in world renewable energy supply is only 1.5% but it had the highest 
growth rate since 1990 (about 15% per year) compared to other biofuels. In 2010, the largest 
bioenergy producers were China and India, who produced 20% and 17% of the world’s 
bioenergy respectively (IEA, 2012). In China, the share of bioenergy is less than 10% of its 
TPES while in India it is almost 25%. In the third and fourth largest bioenergy producers, 
Nigeria and United States, the share of bioenergy of TPES was above 80% and below 4% 
respectively in 2010, which clearly shows the difference between developing and 
industrialized countries: in developing non-OECD countries bioenergy is typically the major 
energy source while in the OECD-countries bioenergy typically covers minor share of TPES.  
Recently, the European Union (EU) has set binding targets to increase the share of 
renewable by 2020 to 20% from its energy consumption. Many non-EU countries have also 
set renewable targets, and bioenergy is expected to be the major contributor to reach these 
targets with the help of national supports schemes, like feed-in tariffs, tax incentives and 
investment subsidies. There is considerable potential to increase the efficiency of bioenergy 
production, which lies between 5% to 15% to power and heat production in the old traditional 
use of biomass up to 60-90% in modern applications, like combined heat and power 
applications, fuel cells, stirling engines, and 2nd generation biofuel concepts. Taken into 
account, there are greatly differing estimates of the contribution of bioenergy to the TPES, 
from below 100 EJ/year to above 400 EJ/year in 2050. Thus, the growth trend of bioenergy as 
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a major contribution in renewable energy field places a bright prospect to deal with the 
energy crisis in a sustainable way.   
 
1.5. Methane production from WAS by anaerobic digestion process 
 The anaerobic digestion  process which is involve in the conversion of organic matter 
into biogas is brieftly described in section 1.3.1. Due to complex compostion and bacterial 
community and potential carbon source, WAS becomes an atractive substrate to produce 
biogas especially methane by anaerobic degradation. In addtion, methane production is 
considered one of the best placed biological processes to reduce volume of organic waste 
while keeping small sludge production and recovering energy (Kanai, Ferre, Wakahara, 
Yamamoto, & Moro, 2010). With the huge generated sludge by the WWTP worldwide, 
methane production from WAS has a potential development in research as well as in 
practically. 
Figure 1.6. Stages of methane production (McCarty, 1982) 
Obviously, anaerobic digestion has a great future amongst the biological technologies 
of sludge treatment in view of biogas generation as well as reducing solids mass. Methane 
generation from WAS has its inherent value. As opposed to the mineralization of the organic 
matter to CO2 that results from an aerobic treatment, which is subsequently released into the 
atmosphere and contributes to the overall pool of greenhouse gases, in the anaerobic 
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treatment of WAS, methane is generated, which can be collected and utilized as a fuel. 
Therefore, even though the final product will be CO2, the biomass treated by aerobic process 
is not completely unutilized. 
One of the main advantages of anaerobic digestion is that this process can be applied 
to waste treatment in engineered systems when wastes are high in organic content that would 
be unsuitable for aerobic processes, as they would require large amounts of oxygen, 
impossible to be satisfied due to physical limits in the oxygen mass transfer as well as the 
addition of nutrient. Moreover, less biomass is generated in anaerobic treatment systems 
compared to aerobic systems, because microbes need to consume more energy to grow at the 
same rate as organisms with aerobic metabolism, and therefore a larger proportion of carbon 
is diverted to energy generation rather than utilized for biomass generation. Therefore, 
anaerobic digestion has the benefit of lowering the costs of disposal when compared to 
aerobic systems. In addition, as a result of lower yield coefficient, nutrient requirements, such 
as nitrogen and phosphorus, are also considerably less compared to aerobic treatment 
(Rittmann & McCarty, 2001). 
Methane yields 890 KJ/mol or 380,000 BTU/m3 when burned with oxygen (Insam & 
Wett, 2008). Methane is flammable at a ratio of 5-12% of CH4 in air, so with typical, 
expected biogas content of around 50% of methane, anaerobic digestion of WAS is a good 
alternative to generate useful biogas. Furthermore, when employing WAS biomass, the 
generation of methane is considered a renewable source of fuel production, which adds value 
to the WAS, as opposed to viewing it as a cost. Also, in terms of safety, since the gas density 
relative to air is 0.55, in case of leaks it will migrate to upper spaces, and not become a 
hazard (Noyola, Morgan-Sagastume, & López-Hernández, 2006). 
Lastly, methane generation is and will become even more important in the near future, 
not only because prices in fossil fuels continue to rise and alternative energy sources will 
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need to be used, but also because the natural gas price is continuously rising, therefore 
becoming more valuable over time.  
 
1.6. Literature survey on pre-treatment to enhance methane production from anaerobic 
digestion process 
Thermal, chemical and mechanical processes, as well as combinations of these, have 
been studied as possible pre-treatments cause the lysis of or disintegration of sludge cells 
permitting the release of intracellular matter that becomes more accessible to anaerobic 
microorganisms. This fact improves the overall digestion process velocity and the degree of 
sludge degradation, thus reducing anaerobic digester retention time and increasing methane 
production rates (Müller, 2008). The next text will provide a series of literature reviews 
concerning optimum conditions to obtain enhanced biogas production in varied pre-
treatments of sludge hereafter. 
 
1.6.1 Thermal pre-treatment 
It is very well known for many years that a thermal pre-treatment can improve the 
degradability of sludge. While the carbohydrates and the lipids of the sludge are easily 
degradable, the proteins are protected from the enzymatic hydrolysis by the cell wall. Heat 
applied during thermal treatment destroyed the chemical bonds of the cell wall and 
membrane, thus makes the proteins accessible for biological degradation. Maximum 
biodegradability, in percentage, meaning the maximum percentage of substrate COD 
converted to methane is achieved (El-Mashad, Zeeman, van Loon, Bot, & Lettinga, 2004). 




Thermal pre-treatment is studied using a wide range of temperatures ranging from 60 
to 270 ºC. In practice, the optimum temperature is in range of 160-180ºC and treatment times 
from 30 to 60min. Pressure associated to these temperatures may vary from 600 to 2500 kPa 
(Weemaes & Verstraete, 1998). Various experiments and research of thermal pre-treatment 
have been done to proclaim this conclusion. 
The optimum temperature in terms of 33% volatile suspended solids degradation 
increased and 100% methane production are 170 ºC and contact time was 60 min (Y. Y. Li & 
Noike, 1992). No further improvement for longer contact times. This is in line with the 
findings which concluded that temperature and duration of the optimum pre-treatment 
depends on the nature of the sludge: the greater the proportion of difficult hydrolyzing 
biological sludge substrates, higher the intensity of pre-treatments needed. Bougrieret al. 
compare the thermal pre-treatments (130º C, pH= 10, 150 ºC and 170º C during 30 min) 
performance of waste activated sludge collected from urban wastewater plants with untreated 
sludge samples(Bougrier, Delgenès, & Carrère, 2006). The results indicate that there is 
positive effect on solubilization rates and methanization when thermal pre-treatment is added. 
Particularly, the 170ºC treatment led to comparable results in anaerobic digestion 
performance increase: about 80% improvement in removal of matter and in biogas yield. The 
thermal treatment at lower temperatures is also researched in order to improve dewater ability 
as well as digestibility and at the same time and to avoid the problems that occurred with 
higher temperature thermal pre-treatment(Haug, Stuckey, Gossett, & Mac Carty, 1978). They 
show that the largest effect on digestibility for activated sludge is at 175 ºC. This temperature 
is about the limit for digestibility before digestion is inhibited (presumably because of the 
formation of inhibitory and/or refractory compounds).At 175 º C, digestion of the thermally 
pre-treated sludge results in an increase of 60- 70% in methane production over non pre-
treated sludge. Higher temperatures led to decreased gas production. In general, thermal pre-
24 
 
treatment of WAS can considerably increase methane production for mesophilic anaerobic 
digestion and thermophilic anaerobic digestion. However, thermophilic digestion is already 
more efficient at volatile suspended solids reduction and methane production as compared 
with mesophilic digestion, hence reduces benefits of pre-treatment. 
Some researches on combination of low temperature (<100 ºC) pre-treatment prior 
thermophilic digestion also have been done and the effects are notable. Climent et al. 
investigate the thermal pre-treatment at low temperatures between 70 ºC to 134 ºC prior to 
thermophilic digestion and reveals an increase of 50% in biogas production at 70ºC with 9h 
(Climent et al., 2007). The 70 ºC pre-treatment showed an initial solubilization effect 
(increasing volatile dissolved solids by almost 10 times after 9h), followed by a progressive 
generation of volatile fatty acids. Obviously, the thermal pre-treatment requires the input of a 
considerably amount of heat, since the sludge feedstock needs to be pre-heated to the 
operating temperature (~700 kJ/m3) at the expense of using some of the biogas produced. 
However, the biogas production is not in proportion to the temperature. 
Most researches have shown that excessively high temperatures (higher than 170-190 
ºC) lead to decreased sludge biodegradability in spite of achieving high solubilization 
efficiencies. Indeed, in some cases, there is formation of toxic, refractory compounds during 
pre-treatment which is a major drawback (Delgenès, Penaud, Torrijos, & Moletta, 2000). 
 
1.6.2. Chemical pre-treatment 
Chemical pre-treatment is also an efficient and cost-effective method to hydrolyze the 
cell wall and membrane and thus increase solubility of the organic matter contained within 
the cells. According to different principles, chemical methods can be divided to acid and 
alkaline (thermal) hydrolysis, oxidation. The most frequent studies oxidative methods are 
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ozonation and peroxidation. Acid and alkaline hydrolysis will be introduced in the thermo-
chemical pre-treatment part. 
 
1.6.2.1. Ozonation 
Ozone is a strong cell-lytic agent, which can kill the microorganisms in 
activated sludge and further oxidize the organic substances released from the cells (Cui & 
Jahng, 2004; Saktaywin, Tsuno, Nagare, Soyama, & Weerapakkaroon, 2005). Among the 
techniques to disintegrate sludge, ozonation of sludge is one of the effective ways and yields 
the highest degree of disintegration (Müller, 2008). Following ozonation, the characteristics 
of the sludge are greatly changes. The flocs are broken down into fine, dispersed particles. 
Floc integration and solubilization generates a large number of micro-particles dispersed in 
the supernatant in addition to soluble organic substances (L. Chu, Yan, Xing, Sun, & Jurcik, 
2009).The sludge biodegradation is affected by ozone dose. Several researchers have 
investigated the impact of ozone dose on sludge biodegradation. Ozonation treatment has two 
counteracting effects: degradation of molecules and cell structures, that are degradable for 
methanogenic bacteria, will increase biogas production; oxidation of organic molecules, that 
are degradable for methanogenic bacteria, will decrease biogas production. Saktaywinet al. 
find that around 60% of soluble COD generated due to ozonation is biodegradable at the 
early stage of ozonation, while the remaining soluble organic matter is refractory (Saktaywin 
et al., 2005). 
Yeom et al. reports that when the ozone dose is 0.1 g O3/g TSS, the biodegradation is 
about 2-3 times greater compare with raw sludge in both aerobic and anaerobic conditions for 
5 days (Yeom, Lee, Ahn, & Lee, 2002). According to Weemaes et al. the biogas production 
increases with 80% at ozone treatment with 0.1 g O3/g COD and the effect is not pronounced 





Several peroxidation techniques, including the well known Fenton  
peroxidation and nobel reactions involving peroxymonosulphate (POMS) and 
dimethyldioxirane (DMDO), can also achieve a transformation of refractory COD into 
readily available and soluble BOD and further enhance the biogas production (Cesaro & 
Belgiorno, 2014). Fenton pre-treatment disintegrates extracellular polymeric substances and 
breaks cell walls, thus intracellular water is released. Hence the amount of soluble COD and 
BOD in the sludge water increases considerably. The oxidation process utilizes activation of 
H2O2 by iron salts (Fe
2+). A major drawback of this method is the necessity of bringing the 
sludge to a very low pH. More recent research uses alternative peroxidants such as POMS 
and DMDO which do not require stringent reaction conditions and significantly increases the 
biogas production during the anaerobic treatment of raw secondary sludge. Dewil et al. study 
biogas production when treating sludge with Fenton peroxidation, POMS and DMDO 
techniques prior to anaerobic digestion on lab-scale. The results show a maximum increase of 
75% of biogas is achieved with Fenton, while the POMS treatment increased the biogas 
production by 2 times, against an even higher 2.5 times for the DMDO treatment(Dewil, 
Appels, Baeyens, & Degrève, 2007). 
 
1.6.3. Thermo-chemical pre-treatment 
Alkali treatment is normally combined with thermal treatment and it is so called 
thermo-chemical treatment. There is no consensus on the efficiency of alkali agents. Kim et 
al. report that the order of efficacy in sludge solubilization was NaOH>KOH>Mg(OH)2 and 
Ca(OH)2, whereas Penaud et al. demonstrate that pre-treatment with KOH was more efficient 
than using NaOH (J. Kim et al., 2003; Penaud, Delgenès, & Moletta, 1999). 
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Regarding to the effect of thermo chemical pre-treatment (addition of alkali) on 
solubilization and biodegradability, different studies give contradictory results. Indeed, Haug 
et al. determine a decrease in biodegradability of 60%, while Penaud et al. observed no effect 
on the biodegradability (Haug et al., 1978; Penaud et al., 1999). Tanaka et al. report that 
thermo chemical pre-treatment lead to significantly improve in biodegradability, which could 
reach to an increase of 230%. It is noted that thermo-chemical pre-treatment gives the best 
results in the biogas production compared with thermal, chemical, ultrasonic methods under 
the same conditions (Tanaka, Kobayashi, Kamiyama, & Signey Bildan, 1997). Kim et al. 
compare the four pre-treatment methods in which they select optimum conditions which are 
thermal (121 ºC for 30min), chemical (7 g/l NaOH addition), ultrasonic (42 kHz for 120 min) 
and thermo chemical (121ºC for 30 min, 7 g/l NaOH addition).The final results show that 
biogas production following the anaerobic digestion of the thermal, chemical, ultrasonical 
and thermo-chemical pre-treatment are 4842, 4147, 4413 and5037 L/m3WAS) respectively 
(J. Kim et al., 2003). 
Valo et al. investigate the COD removal rates and biogas production under two 
conditions (thermal treatment at 170 ºC and thermo-chemical treatment at 130 ºC at pH 10 for 
30 min in continuous anaerobic digestion process). They find that the COD removal rates are 
significantly increased compare with raw WAS (71% and 60%), while the biogas productions 
were increased by 54% and 74%, by thermal and thermo-chemical pre-treatment, respectively 
(Valo, Carrère, & Delgenès, 2004). 
 
1.6.4. Ultrasonic pre–treatment 
Ultrasonication is a promising and effective mechanical pre-treatment method to 
enhance the biodegradability of the sludge. This technology has several inherent merits like 
efficiency in sludge disintegration (>95%), improvement in biodegradability and bio solids 
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quality, increase in methane percentage of biogas, no chemical addition, less retention time, 
sludge reduction and energy recovery (Pilli et al., 2011). 
Ultrasonication enhances the sludge digestibility by disrupting the physical, chemical 
and biological properties of the sludge. As mentioned earlier, hydrolysis is the rate-limiting 
step in anaerobic digestion process. Ultrasonic lysis accelerates the hydrolysis reactions by 
disrupting cells. The bacterial cells are disunited by pressure waves and cavitation generated 
from an ultrasonic generator leading to elution of intracellular organic substances. In 
addition, some soluble particulate organic matter may even be transformed into a soluble 
state under the cavitational explosion of transient bubbles. The disruption of sludge particles 
derived from sonication treatment would enhance subsequent acidogenesis, acetogenesis and 
methanogenesis reactions, which would in lead to an improvement in methane generation and 
reduction of sludge volume (Show, Mao, & Lee, 2007). 
There are two key mechanisms associated with ultrasonic treatment: cavitation, which 
is favored at low frequencies, and chemical reactions due to the formation of OH-, H+ radicals 
at high frequencies (Show et al., 2007). High-power ultrasound (200W) is generally 
performed at low frequencies (20 kHz) in order to get an effective sludge disruption. The 
mechanical phenomena of sludge sonication leads to sludge floc disintegration and 
microorganisms lyses, effected by the treatment time and power and specific energy applied 
(C. P. Chu, Lee, Chang, You, & Tay, 2002). The effect of sonication time on the sludge 
disintegration and the subsequent anaerobic digestion (batch test) was evaluated by Wang et 
al. They test the methane amount under different sonication time groups when other 
parameters are the same (9 kHz, 200 W, and 20-25 º C) (Wang, Kuninobu, Kakimoto, I.-
Ogawa, & Kato, 1999).The results show that, compare with the control, the methane amount 
is increased by12, 31, 64 and 69% on the 11th day, with corresponding ultrasonic pre-
treatment of 10, 20, 30 and 40 min, respectively. The optimum pre-treatment for enhancing 
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the methane generation should be approximately 30 min. Although cell disintegrations of 
100%can be obtained at high power levels, power consumption then becomes a serious 
drawback (Weemaes & Verstraete, 1998). Rana Kidak et al. report that the efficiency of the 
sludge disintegration was higher with higher power, but there is no further decrease of the 
particles size when the ultrasonic power was beyond 100 W. They also summary the 
conclusion that high power-short retention time was more effective than low power-long 
retention time for municipal sludge (Kidak, Wilhelm, & Delmas, 2009). 
 
1.6.5. Mechanical pre-treatment 
Mechanical pre-treatment plays an important role because it favors the solubilization 
of particulate matters in liquid phase. In general, the most often used techniques in 
mechanical pre-treatment are grinding and high pressure homogenization. By these methods, 
the aim is to increase the degradability of organic matters by disrupting the flocs and/or 
lysing the bacterial cells.  
One predominant technique is the wet milling, which is more of a grinding method. 
Wet milling uses small beads to rupture cell walls. The size of the beads used are thus critical 
for maximal sludge disintegration (Baier & Schmidheiny, 1997). Of several milling devices, 
the ball mill using small diameter (0.2-0.25 mm) balls has the best performance (Elliott & 
Mahmood, 2007).  
Another most frequently used methods for large-scale operation is high pressure 
homogenization, compressing the sludge to 60 MPa (Harrison, 1991). The compressed 
suspension is then depressurized through a valve and projected at high speed against an 
impaction ring. The cells are hereby subjected to turbulence, cavitation and shear stresses, 
resulting in cell disintegration (Appels, Baeyens, Degrève, & Dewil, 2008). Lacking of 
available literatures on mechanical pre-treatment, the methods mentioned above are not 
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comprehensive. However, it is seen that their efficiency of improving anaerobic digestion of 
WAS is rather lower than other methods. 
 
1.7. Problems for methane production and sludge reduction from WAS and research 
purposes 
As metioned earlier, methane production from WAS by anaerobic digestion have 
risen as the most promissing approach to deal with sludge generation and recover biogas as a 
renewable energy source. However, the anaerobic stabilization is a slow process and long 
residence times in the digester and large digester volumes are required. Consequently, the 
low overall biodegradation efficiency of the sludge and long retention times (20-30 days) 
result in only moderate efficiencies. Anaerobic degradation of particulate material and 
macromolecules is considered to follow a sequence of four steps: hydrolysis, acidogenesis, 
acetogenesis, and methanogenesis. In the case of WAS digestion, the biological hydrolysis 
has been identified as the rate-limiting step in which the processes of cell walls breaking and 
sludge flocs disintegration happen (Eastman & Ferguson, 1981; Shimizu, Kudo, & Nasu, 
1993). Hence, pre-treatment of WAS has been developed to improve the subsequent 
anaerobic digestion. In addition, most soluble organic materials which can be converted into 
biogas are produced during hydrolysis process (Fig. 1.6). Thereby, the biogas production 
depends for the most part on the biodegrade ability and hydrolysis rate. Biogas production 
can thus be improved by several pre-treatment in order to lyse sludge cells further to facilitate 
hydrolysis. In this step, both solubilization of particulate matter and biological decomposition 
of organic polymers to monomers or dimmers take place.  
Meanwhile, an analysis of the contents of an aerobic sequencing batch reactor (Weber, 
Ludwig, Schleifer, & Fried, 2007) indicated that the formation of sludge granules that were 
comprised of core and fringe zones, with a dense mixture of bacteria and extracellular 
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polymeric substances (EPS). The bacteria in WAS embedded within the EPS share the 
polymers as a resource that provides a maintained structure, protection against dehydration, 
ultraviolet radiation, and predator grazing, and the facilitation of extracellular enzymatic 
activity (Xavier & Foster, 2007). EPS is biological material and the protection that the EPS 
provides could become an obstacle for further biodegradation. The concentration of EPS has 
been reported to be reduced from 70-90 mg EPS/g SS in the feed WAS to 10-20 mg EPS/g 
SS in anaerobic sludge (Bowen & Keinath, 1985; Forster, 1982) through anaerobic treatment. 
The disruption of the EPS and the associated divalent cation network may allow for an 
enhanced rate of WAS biodegradation and the conversion of these organics into more readily 
biodegradable forms, resulting in shorter retention times required in the digester to achieve 
biodegradation. We placed a hypothesis that once EPS in WAS is ruptured and extracted will 
help to disperse WAS structure and enhance the release of available organic material for the 
indigenous micro-organisms in WAS to consume thereby foster hydrolysis stage result in 
higher methane production achievement. In addition, no previous studies have mentioned the 
effect of EPS extraction on sludge reduction and methane production from WAS. Thus, the 
study presented in the later text aims to investigative the effect of EPS removal on anaerobic 
fermentation. 
On the other hand, anaerobic digestion processes involve in the activities of the 
bacterial community mixture including hydrolytic, acidogenic, acetogenic and methanogenic 
bacteria. Hydrolytic bacteria are responsible for breaking down complex molecules into 
soluble ones through hydrolysis stage. Once hydrolysis has been accomplished fermentative 
acidogenic bacteria are responsible for converting sugars, amino acids, and fatty acids into 
organic acids (acetic, propionic, and butyric), alcohols and ketones, carbon dioxide, and 
hydrogen gas. Acetogenic bacteria are then responsible for converting propionic acid, butyric 
acid and alcohol into acetate, hydrogen gas, and carbon dioxide. Lastly, methanogens is 
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responsible to the conversion of hydrogen and acetic acid into methane gas (Miyamoto, 1997). 
Methanogens can be divided into two categories, H2-oxidizing methanogens and aceticlastic 
methanogens, but the commonality between these categories is that both types of bacteria are 
capable of creating methane. H2-oxidizing methanogens can create methane from hydrogen 
gas and carbon dioxide, while aceticlastic methanogens split acetate to produce methane and 
carbon dioxide (Grady Jr., 1999). Hence, different microbial communities are involved in 
each of the four stages of methane production process. However, to date the activities of 
these mixed communities and the detail interactions among various bacterial populations 
during anaerobic fermentation are still not entirely well-understood; and the optimum 
bacterial community for methane production has not been determined. Therefore, another 
study aiming to understand the change of cell viability of the bacterial community in the 
presence of an antibiotic, which is a simple approach to alter bacterial viability, in order to 





CHAPTER 2: EFFECT OF AZITHROMYCIN ON ENHANCEMENT OF 




In the methane production from waste activated sludge (WAS), complex bacterial 
interactions in WAS have been known as a major contribution to methane production. 
Therefore, the influence of bacterial community changes towards methane production from 
WAS was investigated by an application of antibiotics as a simple means for it.  In this study, 
azithromycin (Azm) as an antibiotic was mainly used to observe the effect on microbial 
changes that influence methane production from WAS. The results showed that at the end of 
fermentation Azm enhanced methane production about twofold compared to control. Azm 
fostered the growth of acid-producing bacterial communities which synthesized more 
precursors for methane formation. DGGE result showed that the hydrolysis as well as 
acetogenesis stages were improved by the dominant of B1, B2 and B3 strains which are 
Clostridium species. In the presence of Azm, the total population of archaeal group was 







The activated sludge process is used worldwide by domestic and industrial 
wastewater treatment plants (WWTP) because it degrades the organic contaminants in 
wastewater so that produce clean water, carbon dioxide, and biomass (Rocher, Goma, Begue, 
Louvel, & Rols, 1999). However, a drawback of this method is a vast quantity of waste 
activated sludge (WAS) generated, which accounts for ≤47% of industrial waste 
(approximately 2,150,000 tons in dry base) in Japan (Yoshida, Tokumoto, Ishii, & Ishii, 
2009) and 25%–60% of the operating costs of WWTPs (S. Yan, Miyanaga, Xing, & Tanji, 
2008). WAS includes contaminants (X. Li et al., 2009), which can harm the environment if it 
is inappropriately discharged. Practically, WAS is disposed in landfills or by incineration 
under the strict regulation. The shortage of available land also increased the operation cost of 
the of sanitary landfill sites. To date, many methods and strategies have been developed to 
minimize WAS generation, for example, chemical treatments using metal cations (Y.-K. Kim, 
Bae, Oh, Hong Lee, & Choi, 2002) and oxidizing substances (Neyens, Baeyens, Weemaes, & 
De heyder, 2003; Weemaes et al., 2000). Individual or combined thermal processes and 
ultrasound and alkaline treatments have widely been used for sludge solubilization (Bougrier, 
Carrère, & Delgenès, 2005; Kepp, Machenbach, Weisz, & Solheim, 2000; H. Li, Jin, Mahar, 
Wang, & Nie, 2008; Vlyssides & Karlis, 2004). Combined thermal, chemical, and 
mechanical treatments have also been used as a sludge reduction strategy (Nah, Kang, Hwang, 
& Song, 2000; Valo et al., 2004).  
Anaerobic digestion is a treatment process which can convert a majority of organic 
compounds into valuable energy sources such as biohydrogen (Mohd Yasin et al., 2013) and 
electricity generation based on microbial fuel cells (Mohd Yusoff et al., 2013). Among 
different approaches, methane production is considered to be the most promising for reducing 
the quantity of sludge generated in parallel of  renewable energy recovery (Kanai et al., 2010). 
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Anaerobic fermentation involves in continuous degradation of organic materials by various 
microorganisms producing methane (Buczkowska et al., 2010). The process generally 
consists of four stages: hydrolysis, aidogenesis, acetogenesis, and methanogenesis. In general, 
methane is produced by methanogens from acetate acid, carbon dioxide, and hydrogen 
generated in the prior reactions (Miyamoto, 1997). Hence, different microbial communities 
are involved in each of the four stages of methane production process. However, the activities 
of these mixed communities and the detail interactions among various bacterial populations 
during anaerobic fermentation are still not entirely well-understood; and the optimum 
bacterial community for methane production has not been determined. This study aimed to 
understand the change of cell viability of the bacterial community in the presence of an 
antibiotic to determine its effects on methane production. The use of antibiotics is a simple 
approach to alter bacterial viability in anaerobic fermentation toward methane generation. 
Azithromycin (Azm) is a well-known macrolide antibiotic (Tateda et al., 2001), and its 
application in medicine was investigated. Azm has been used for the treatment of respiratory 
tract infections (Ferrara, Dos Santos, Cimbro, & Grassi, 1996) and acute otitis media (Babl, 
Pelton, & Li, 2002). Azm is also reported to be an inhibitor regulating Pseudomonas 
aeruginosa biofilm formation (Mette E. Skindersoe, Thomas B. Rasmussen, & Niels Høiby, 
2008; Tateda et al., 2001). In this study, Azm was mainly used as an initial concept to modify 
the viability of the bacterial community in a fermentation culture in order to understand its 
effects on anaerobic fermentation during methane production. 
 
2.2. Materials and methods 
2.2.1. Sludge preparation 
Raw sludge was collected from Hiagari WWTP in Kitakyushu City, Japan. Sludge 
composition has been reported previously (Maeda, Yoshimura, Shimazu, Shirai, & Ogawa, 
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2009). Protein is a major component of the sludge (40-45% of total solid) and followed by 
carbohydrate (12-14% of total solid) and lipid (11-13% of total solid). Fresh sludge was 
washed by centrifugation at 8,000×g for 10 min at 4°C and the pellet was resuspended in 
distilled water thrice, before adjusting its concentration to10% (wt/wt) by distilled water. 
 
2.2.2. Methane production 
The fermentation process was carried by using 20 g of 10% sludge in 50-mL vials as 
substrate and inoculum sources. Azm was added at different concentrations (5, 10, and 15 
µg/mL), whereas a vial without Azm was used as the control. Kanamycin (Kan) and 
tetracycline (Tet) were used with the same concentration of 5 µg/mL instead of Azm as 
positive controls since both were reported to give similar character and impact (Evers et al., 
2001; Mette E. Skindersoe et al., 2008; Tateda et al., 2001). The fermentation vials were 
sealed by crimped butyl rubber stoppers and sparged with nitrogen for 5 min and then was 
incubated at 37°C in a shaking incubator at 120 rpm for 5 days (Bio-shaker, BV-180LF, 
Taitec, Saitama, Japan). Each day, 50 µL of in the headspace gas was analyzed using gas 
chromatography equipped with a thermal conductive detector (GC system, 6890 series, 
Agilent, Santa Clara, California, USA). 
 
2.2.3. Microbial community analysis 
2.2.3.1. RNA extraction and cDNA synthesis 
A 4 mL fermented sludge sample was mixed with 3 mL of RNAlater solution 
(Formerly Ambion, Applied Biosystems) in 15 mL falcon tube before centrifuging at 15000 
rpm for 2 min. The cell pellet was soaked in of dissolved dry ice in ethanol for 30 s and 
stored at -70oC prior to RNA extraction. Total RNA was extracted using RNeasy kit (Qiagen, 
Inc., Valencia, California, USA) and bead beater (Wakenyaku Co. Ltd, Kyoto, Japan, model 
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3011b) as described in previous paper (Mohd Yusoff et al., 2012). The cDNA was 
synthesized from the RNA extraction using PrimeScript RT reagent kit Perfect Real Time by 
random oligomers (TAKARA Bio Inc., Shiga, Japan). Agarose gel electrophoresis was 
conducted to verify the success of RNA isolation as well as cDNA synthesis. The cDNA 
were later used for Denaturing Gradient Gel Electrophoresis (DGGE) analysis and real-time 
polymerase chain reaction (RT-PCR) quantification.  
DGGE analysis 
To analyze the change of bacterial community, DGGE was conducted using cDNA 
sample. The PCR amplification was performed by RoboCycler Gradient 40 (Strategene, La 
Jolla, California, USA). The nucleotide sequences of the primers were shown in Table 2.1.  
Table 2.1.  Primer and probe set used in RT-PCR analysis  
Target 
group 















Reverse primer GCCATGCACCWCCTC T 
TaqMan Probe AGGAATTGGCGGGGGAGCAC 
Bacteria 
Forward primer TCCTACGGGAGGCAGCAGT 






Reverse primer GGACTACCAGGGTATCTAATCCTGTT  
TaqMan Probe CGTATTACCGCGGCTGCTGGCAC 









Bacteria Primer 2 ATTACCGCGGCTGCTGG 





Primer 3 contains the same sequence as primer 1 but has at its 5’ end an additional 40-
nucleotide GC-rich sequence (GC clamp). A combination of primers 1 and 2 or primers 2 and 
3 was used to amplify the 16S rDNA regions in the different bacterial species which 
correspond to positions 341 to 534 in Escherichia coli(Muyzer et al., 1993). The PCR step 
comprised: 94oC for 5 min, 94oC for 1 min, 63oC and 1 min decreasing 1oC every cycle until 
57oC, 72oC for 1 min, followed by 18 cycles of: 94oC for 1 min, 57oC for 1 min and 72oC for 
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1 min, and final at 72oC for 25 min. DGGE was performed by 8% (wt/vol) acrylamide gel 
containing a 30-57% denaturant gradient. Electrophoresis was conducted in 1×TBE buffer 
(Tris/Borate/EDTA) for 7 h at 60oC and 50 V. The gel was stained with ethidium bromide 
(0.5 µg/mL) for 45 min then the stained gel was visually scanned by Astec Imager software 
(Gel Scene Imaging system). Visual bands were excised and immersed into sterilized water 
overnight before used for PCR amplification. A 2.3 µL of mixture solution was used for PCR 
amplification with the primer set without GC-clamp. Electrophoresis was performed with the 
entire PCR product by 0.8% agarose gel at 100 V for 25 min for confirmation and 
purification. A DGGE marker used in this study was DGGE Marker II (Nippon Gene, 
Toyama, Japan). Visual band was extracted by QIAquick Gel extraction kit (Qiagen, 
Limburg, Netherland). The 16S rRNA gene fragments were sent for sequencing by FASMAC 
Co. (Kanagawa, Japan).  Sequenced results were compared with the reference in the National 
Centre of Biotechnology Information (NCBI), nucleotide sequence database. 
 
2.3.2. RT-PCR quantification 
RT-PCR was performed to quantify the 16S rRNA gene abundance of total 
Archaea and Bacteria groups. An RT-PCR system (Step one, Applied Biosystem, Tokyo, 
Japan) was used to conduct the amplification and fluorescence detection. The used primer 
and probe set are shown in Table 2.1. The reaction mixture was prepared as follows: 10 μL of 
Taqman fast advanced master mix (2X), 0.72 μL of each primer (final concentration 900 nM), 
0.34 μL of TaqMan probe (final concentration 200 nM), 6.22 μL of nuclease free water and 2 
μL of cDNA template. The running protocol was designed as follows: UNG incubation at 
50oC for 2 min, polymerase activation at 95oC for 20 s and 40 cycles of: PCR at 95oC for 1 s 
and 60oC for 10 s. Each template cDNA, prepared for the reaction, was analyzed in triplicate. 
The standard curve was calculated as described in previous paper (Lee et al., 2008). 
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Representative strains were used to construct standard curve (Table 2.1). The 10-fold serial 
dilution was generated and amplified in triplicate using real-time PCR with the corresponding 
primer and probe sets. The CT values were plotted against the logarithm of their initial 
template copy numbers. 
 
2.2.4. Analytical methods 
2.2.4.1. Sludge reduction and organic acid analysis 
Sludge reduction ratio was measured as described previously by Maeda (2011). 
Sludge samples (before and after fermentation) were collected (10 g wet weight) and 
centrifuged at 18,000 ×g for 10 min. The pellets were transferred to porcelain dishes and 
dried in an oven (D-300, Iuchi, Japan) at 105°C for 2 days to determine the dry weight. For 
the organic acid analysis, sludge samples were centrifuged at 13,000 rpm for 7 min and the 
supernatant were filtered using a 0.2 µm syringe filter, and subsequently analyzed using high-
performance liquid chromatography (Shim-pack SCR-102H, Shimadzu, Tokyo, Japan) 
(Mohd Yusoff et al., 2012). The same samples were used to measure protease activity, 
soluble carbohydrate, and protein concentrations. All the presented data were at least 
obtained from triplicate independent experiments. 
 
2.2.4.2. Analysis of soluble carbohydrate, protein, and pH 
Soluble carbohydrate concentration was measured using the phenol–sulfuric 
acid method which D-glucose was used to generate a standard curve. Soluble protein 
concentration was analyzed using the Lowry method which bovine serum albumin was used 
as the standard substance (X. Li et al., 2009). A UV/Vis Spectrophotometer V-530 (Jasco, 
Tokyo, Japan) was used to measure the absorbance of samples. The pH of the culture solution 




2.2.4.3. Protease activity assay 
The protease activity was measured as reported in a previous study (Maeda et 
al., 2011). 2% casein solution was used as the substrate. Protease activity was measured by a 
UV/Vis spectrophotometer (Jasco, V-530, Tokyo, Japan) at 660 nm.  One unit of protease 
activity was calculated as the quantity of tyrosine (µmol) produced from casein by 1 mg of 
enzyme per min. 
 
2.2.4.4. Viable cells counting 
Serial dilutions of cultured samples during the fermentation process were 
spread onto Luria Bertani agar plates (LB plate) containing 10 g of Bacto tryptone, 5 g of 
Bacto yeast extract, 5 g of NaCl, and 15 g of agar in 1 L for the colony counting.  An MRS 
plate (Oxoid, Hampshire, England) containing 0.5% of calcium carbonate was prepared for 
counting the number of organic acid-producing bacteria and the modified MRS plates were 
anaerobically incubated at 37°C for 2 days for colony counting (Maeda et al., 2009). All the 
presented data were at least obtained from triplicate independent experiments. 
 
2.3. Results and discussion 
2.3.1. Initial research concept using antibiotics 
 Our initial research interest was to investigate how bacterial cell-to-cell 
communication influences methane fermentation from WAS, which is triggered by a complex 
bacterial interaction.  Therefore, as an initial experiment, Azm, ceftazidime, and ciproflaxicin 
were added to WAS samples at a low concentration (0.02, 0.01 and 0.6 µg/mL, respectively) 
to see the impact on methane fermentation because these three antibiotics have been reported 
as a quorum sensing inhibitor for Pseudomonas aeruginosa(Mette E. Skindersoe et al., 2008).  
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As a result, there is no big impact for methane fermentation under the low concentration of 
each antibiotic.  On the other hand, only when a higher concentration of Azm is used (5, 10 
and 15 µg/mL, respectively), methane fermentation was enhanced whereas no impact was 
observed in the other antibiotics (data not shown). 
 
2.3.2. Methane production in the presence of Azm 
The optimum concentration affecting methane production at different concentrations 
of Azm (5, 10, and 15 µg/mL) were investigated and the obtained results showed that 5 
µg/mL of Azm gave the highest methane production of 8046 ± 84 µmol/g dry-weight sludge 
compared to 0, 10, and 15 µg/mL which were 4068 ± 94, 7148 ± 56, and 6339 ± 79 µmol/g 
dry-weight sludge after 5-day of incubation, respectively. Furthermore, the effect of higher 
concentration of Azm (50 and 100 µg/mL) on the fermentation was also tested. The result 
shows that under these two concentrations, methane production was certainly inhibited. After 
5 day of incubation, methane productivities in the presence of 50 and 100 µg/mL of Azm 
were 1162 ± 92 and 473 ± 56 µmol/g dry-weight sludge, respectively.  Probably, under a high 
concentration of Azm, bacterial community is totally inactivated (Spangler, Jacobs, & 
Appelbaum, 1994). Methane production in the presence of Azm (5 µg/mL) was about 
twofold higher than the control (Fig. 2.1a).  Fermentation in the presence of Azm increased 
methane production from the first day and persisted throughout the fermentation process. 
Therefore, the concentration of 5 µg/mL of Azm was applied throughout the experiments. In 
fact, the positive effect of Azm on methane production was observed until day 10th of the 
fermentation. At this day, methane productivities in the presence and absence of Azm were 
11077 ± 72 and 10566 ± 63 µmol/g dry-weight sludge, respectively. Hence, we could 
conclude that Azm facilitates methane fermentation at an early stage.   
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Next, in order to investigate the effect of other antibiotics for methane production, 
Kan and Tet were used as another candidate of antibiotics. Results showed that Tet had less 
impact than Azm and there was no impact in the presence of Kan (Fig. 2.1a). 
To confirm the effect of Azm on methane production, different seven types of WAS 
obtained from the different sources were used as a substrate to verify the impact of Azm on 
methane production. Figure 2.1 b showed the methane productivity of three highest methane 
levels from three different sludge sources together with the Hiagari sludge used mainly in this 
study.  In the presence of Azm, higher methane was observed for all types of sludge and Azm 
had a certain positive impact on the methane fermentation processes. The variable quantities 
of methane production from the different types of sludge may have been caused by the 
specific composition of each type of sludge. However, when added to the anaerobic sludge 
fermentation process, Azm always improved the methane production level.  
Figure 2.1. (a) Methane production in the presence of Azm ( ), Kan 
( ), Tet ( ) at the same concentration of 5 µg/mL and the 
antibiotic-free control ( ). (b) Methane production at day 5th of the 
fermentation from different types of sludge: Hiagari sludge, sludge A, 
sludge B and sludge C in the presence of Azm at the concentration 




Volatile fatty acids (VFAs), which are the essential precursors for methane production 
(Jiang, Chen, & Zhou, 2007), are analyzed to understand the correlation between degradation 
and methane production. Five types of VFA were detected in the fermentation broth at day 5th 
of the fermentation including acetic, propionic, butyric, succinic, and formic acids. Acetic 
acid showed the highest proportion in all the samples, followed by propionic acid and butyric 
acid (Table 2.2).  














Azm 58±2 17.5±0.4 12±3 6.9±0.2 5±1 
Kan 29.8±0.6 25.04±0.03 17±1 15.8±0.1 12.05±0.24 
Tet  47±5 19±2 17±3 9.54±0.04 6.9±0.3 
Control 30±1 25±1 18±3 16±1 11±1 
 
*The data represented as ±SD from triplicate independent experiments. 
 
These results were in agreement with another study in which these short chain fatty 
acids (C2–C4) are the main products of acidogenesis stage in anaerobic sludge digestion 
(Chen, Jiang, Yuan, Zhou, & Gu, 2007). The results showed that Azm affected the VFA 
synthesis, particularly acetic acid production, since the concentration was the highest (31 ± 3 
mM) at the end of the incubation. Meanwhile, in the presence of Kan and Tet, the 
concentration of accumulated acetic acid was only 18.1 ± 0.1 mM and 23 ± 2 mM whereas 
18.0 ± 0.2  mM in the absence of antibiotic (control), (Fig. 2.2a). On the other hand, when 
used higher concentration of Azm (50 and 100 µg/mL), acetic acid concentrations were lower 
than in that of 5 µg/mL of Azm (Data not shown). 
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Figure 2.2. (a) Acetic acid concentration in the presence of Azm ( ), 
Kan ( ), and Tet ( ) and in the antibiotic-free control ( ). (b) pH of 
cultures in the presence of Azm ( ), Kan ( ), and Tet ( ) and the 
antibiotic-free control ( ) 
It has been reported that the conversion of long chain fatty acids to acetate contributes 
to methane formation during the methanogenesis stage (McInerney, Bryant, Hespell, & 
Costerton, 1981). In the presence of Azm, the acetic acid concentration was the highest 
compared with the other samples, which made a large amount of substrate available for the 
methanogens, thereby yielding the highest methane production. Therefore, a higher 
concentration of VFAs especially acetic acid was believed to be triggered by an addition of 
Azm. As shown in the result that a high concentration of acetic acid was produced in the 
presence of Azm in agreement with pH decrease from the initial 6.8 to 5 during the 
fermentation (Fig. 2.2b), and finally methane generation was facilitated. The decline in the 
pH had a direct proportion to the quantity of acetic acid produced.  
 
2.3.3. Effects of Azm on sludge reduction 
The highest sludge reduction ratio was observed 2 days after fermentation in all 
samples. In the presence of Azm, the sludge degradation ratio was approximately 37 ± 4%, 
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which was 13% higher than that of the control (24 ± 1%). In the presence of Kan and Tet, the 
sludge reduction ratios were 29.6 ± 0.4% and 25 ± 2%, respectively. Thus, Azm probably 
promoted the hydrolysis stage, which is known to be the rate-limiting step during anaerobic 
digestion (Miyamoto, 1997) and helped to release more soluble material for later stages. 
 
2.3.4. Changes in different components during fermentation 
In this study, protein was a major component of sludge as previously described 
(Maeda et al., 2009). Soluble protein and carbohydrate concentrations were the products of 
hydrolysis step in the methane fermentation and hence monitored during the anaerobic 
digestion in the presence of Azm (Fig. 2.3a). Protein concentration greatly increased after 1 
day of incubation and gradually accumulated throughout the process. Protein concentration 
was highest in the presence of Azm (5 µg/mL) (reaching to 162 ± 5 µg/mL) compared with 
the control and the cultures that contained Kan and Tet (Fig. 2.3a). The accumulation of 
protein during the fermentation was not observed in the presence of 50 and 100 µg/mL of 
Azm (Data not shown). 
The highest protease activity (52 ± 2 mU) was also detected in the presence of Azm 
(Fig. 2.3 b). The higher protease activity helped to solubilize the protein into the liquid phase.  
Throughout the fermentation, the protein components in WAS was hydrolyzed by 
proteases, but protein accumulation may have occurred because the rate of protein utilization 





Figure 2.3.  (a) Soluble protein (straight line) and carbohydrate 
concentrations (dash line), respectively in the presence of Azm(
and ), Kan (  and ), Tet (  and ) and the antibiotic-free 
control (  and ). (b) Protease activity in the presence of Azm ( ), 
Kan ( ), Tet ( ) and the antibiotic-free control ( ) 
The carbohydrate concentration (Fig. 2.3a) in the liquid phase increased with the rate 
of protein hydrolysis after 1 day of incubation. However, the carbohydrate concentration was 
slightly lower on day 2, before increasing on day 3, and slightly changing on day 5. The 
soluble carbohydrate concentration was higher in the presence of Azm and Tet than that in 
the presence of Kan and in the control, although the differences were not substantial. The 
carbohydrate concentration trend was different from that of the protein concentration because 
carbohydrate was only a minor constituent of the sludge compared with the protein.  
 
2.3.5. Effects of Azm on culturable bacteria and organic acid-producing bacteria  
 Colony counts were conducted to determine the effects of Azm on the bacterial 
viability during anaerobic digestion. Throughout the fermentation process, samples were 
collected from the fermentation cultures in the presence of Azm (Azm-culture) and absence 
of Azm (control) and spread on LB and modified MRS agar plates. On the LB plates, the 
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colony count trends were similar to the Azm-culture and the control however, the number of 
colonies detected from the Azm-culture was always higher than that of the control throughout 
the fermentation process (Table 2.3). At the end of the fermentation, the counts of organic 
acid-producing bacteria, which formed a halo zone, was 0.1×103 colony-forming unit/mL 
(cfu/mL) while with Azm-culture, the counts was higher than that of the control five times 
(0.5×103 cfu/mL). These results show that Azm addition increased the bacterial viability in 
terms of the total viable bacteria and organic acid-producing bacteria. Thus, introduction of 
Azm promoted the growth of organic acid-producing bacterial community, which is 
correlated with the higher levels of acetic acid production (the end-product of the acid 
formation stage). This effect generated greater quantities of precursors for the methane 
formation stage resulted in higher methane production. 
Table 2.3. Viable cell and organic acid-producing bacteria counting 
Treatment 
Viable cell number 
(cfu/mL)* 
Organic acid-producing cell number  
(cfu/mL) * 










































*The data represented as ±SD from triplicate independent experiments. 
 
2.3.6. Bacterial community analysis by DGGE 
DGGE analysis was performed using cDNA template which was synthesized from 
RNA extraction in order to evaluate only active bacteria which are actually vital in the 
presence or absence of Azm. Figure 2.4 shows the several visual bands which were detected 
from DGGE analysis.  Thereby, three dominant bands (B1, B2 and B3) from Azm-culture, 
which showed higher intensity compare to the control, were excised and used for sequencing. 
According to phylogenetic affiliation, B1, B2 and B3 were mostly closed to the firmicutes 
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phylum.  B1 sequence was closely (97%) matched with Clostridium cellulovorans (Accession 
No. NR102875) which is an anaerobic mesophilic bacterium at the optimum growth 
temperature of 37oC. This organism produces extracellular enzyme complex known as 
cellulosomes which can degrade cellulolytic components (Arai et al., 2006).  B2 band showed 
a strong similarity (94%) to anaerobic Clostridium carboxidivorans (Accession No. 
NR104768). This strain is primarily acetogenic which can grow on glucose, cellulose, and 
starch; and acetate and butyrate are the end-products of metabolism (Liou, Balkwill, Drake, 
& Tanner, 2005). B3 band showed a high intensity in the presence of Azm and almost could 
not be detected in the control culture. The sequenced result of B3 was closed (94%) to 
Clostridium putrefaciens (Accession No. NR024995) which is a strict anaerobe and is 
markedly by proteolytic activity (Drake, 1927). This organism has ability to break down a 
major composition of the sludge (protein components) into smaller polypeptides or amino 
acids resulted in higher protease activity and soluble protein concentration in the Azm-culture 
than those in the control (Fig. 2.3). Our result is in agreement with a literature which 
mentions that Clostridium species are resistant to Azm.  This literature supports our results 
that Clostridium strains are still active and vital in the presence of Azm (5 μg/mL).  Thereby, 
in the presence of Azm, hydrolysis and acidogenesis process were facilitated by activated 
dominant bacterial species such as B1, B2 and B3 strains. Subsequence soluble materials are 

















Figure 2.4.DGGE profile of the culture sample in the presence of 
Azm and the control at the end of the fermentation (M: DGGE 
marker) 
 
2.3.7. Quantification of archaeal and bacterial groups  
 The total Archaea and Bacteria community were quantified by RT-PCR. Variation in 
the 16S rRNA gene concentration of Archaea and Bacteria in the presence or absence of Azm 
was quantified. At the end of the fermentation, the total concentration of Archaea in the 
presence of Azm was (5.5 ± 0.1) × 106 copy/mL which was great higher than that of the 
control which was (1.7 ± 0.3) × 106 copy/mL. This result indicates that in the presence of 
Azm, Archaea community, which has a key role in methane production, certainly increased; 
thereby, resulted in about twofold higher methane productivity than the control (Fig. 1a). The 
total Bacteria concentration of Azm-culture was correlated with DGGE analysis in which 
higher intensity bands were detectable in the presence of Azm. The total Bacteria population 
in the presence or absence of Azm was (3.5 ± 0.2)  × 1012 and (2.39 ±0.04)  × 1012 copy/mL, 
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respectively. Therefore, in term of either Archaea or Bacteria groups, Azm introduction has 




CHAPTER 3: ENHANCEMENT OF SLUDGE REDUCTION AND 
METHANE PRODUCTION BY REMOVING EXTRACELLULAR 
POLYMERIC SUBSTANCES FROM WASTE ACTIVATED SLUDGE 
 
Abstract 
The management of waste activated sludge (WAS) recycling is a concern that affects the 
development of the future low-carbon society, particularly sludge reduction and biomass 
utilization. In this study, we investigated the effect of removing extracellular polymeric 
substances (EPS), which play important roles in the adhesion and flocculation of WAS, on 
increased sludge disintegration, thereby enhancing sludge reduction and methane production 
by anaerobic digestion.EPS removal from WAS by ethylenediaminetetraacetic acid (EDTA) 
significantly enhanced sludge reduction, i.e., 49 ±5% compared with 27.1 ± 1% of the control 
at the end the digestion process. Methane production was also improved in WAS without 
EPS by 8881 ± 109 µmol/g dry-weight of sludge. Microbial activity was determined by 
denaturing gradient gel electrophoresis and real-time polymerase chain reaction, which 
showed that the hydrolysis and acetogenesis stages were enhanced by pre-treatment with 2% 








Thus far, most domestic and industrial wastewater treatment plants (WWTP) use the 
activated sludge process because of its ability to degrade organic contaminants in wastewater 
and discharge clean water, carbon dioxide, and biomass (Rocher et al., 1999).However, the 
major disadvantage of this method is the generation of a large amount of waste activated 
sludge (WAS). In Japan, WAS accounts for approximately 47% of industrial waste (Yoshida 
et al., 2009) and 25%–60% of the operating costs of WWTPs (S. Yan et al., 2008). By some 
modifications through operational control in the industrial scale treatment such as extended 
and improved aeration, equipped membrane bioreactor or added additives, the ability to 
reduce WAS is about 20-30% (Mahmood & Elliott, 2006). The hazardous materials present 
in WAS, such as pathogens and toxic chemicals, can harm the environment if it is 
inappropriately discharged (X. Li et al., 2009). Landfill and incineration are the conventional 
methods used to dispose of WAS; however, these solutions create a burden for society 
because of their land space requirements, operational costs, and the need for strict human 
health and environmental protection regulations (Wei, Van Houten, Borger, Eikelboom, & 
Fan, 2003). Various methods and strategies have been developed to reduce WAS generation, 
such as chemical treatments using metal cations (Y.-K. Kim et al., 2002) and oxidizing 
substances(Neyens et al., 2003; Weemaes et al., 2000). Individual or combined thermal 
processes and ultrasound and alkaline treatments have been widely used for sludge 
solubilization (Bougrier et al., 2005; Kepp et al., 2000; H. Li et al., 2008; Vlyssides & Karlis, 
2004). Combined thermal, chemical, and mechanical treatments have also been used as a 
sludge reduction strategy (Nah et al., 2000; Valo et al., 2004).  
The utilization of carbon source in waste activated sludge is a promising approach to 
produce valuable energy sources such as biohydrogen (Mohd Yasin et al., 2013), and for 
electricity generation on the basis of microbial fuel cells (Mohd Yusoff et al., 2013). Methane 
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production by anaerobic digestion has gained popularity for reducing the quantity of sludge 
generated and the recovery of renewable energy (Kanai et al., 2010). Methane is generated by 
the continuous degradation of organic materials in WAS by various microorganisms 
(Buczkowska et al., 2010). This fermentation process generally comprises four stages: 
hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Demirel & Scherer, 2008). In 
general, methane is produced by methanogens from acetic acid, carbon dioxide, and 
hydrogen generated in the earlier reactions. In WAS, extracellular polymeric substances 
(EPS) play important roles in sludge flocculation and cohesion (Frølund, Palmgren, Keiding, 
& Nielsen, 1996). EPS are metabolic products secreted by microorganisms during their 
growth, which cover the cell surface layer to protect against the severe external environment 
(Liu & Fang, 2002). EPS have a complex biochemical composition, including protein, 
carbohydrate, lipid, humic substances, uronic acid, and deoxyribonucleic acids (Tsuneda, 
Aikawa, Hayashi, Yuasa, & Hirata, 2003). EPS are considered important for the 
physicochemical properties of the activated sludge floc and have been implicated in 
determining the structure, charge, and flocculation of the WAS floc (Frølund et al., 1996). 
Therefore, the present study aimed to disintegrate WAS by extracting the EPS before 
anaerobic digestion. We hypothesize that removing EPS from WAS may reduce the sludge 
flocculation and subsequently more materials and bacteria would be exposed in the liquid 
phase, thereby enhancing the later stages of anaerobic digestion. In addition, no previous 
studies have mentioned the effect of EPS extraction on sludge reduction and methane 







3.2. Materials and methods 
3.2.1. Sludge preparation 
Raw sludge was collected from Hiagari WWTP in Kitakyushu City, Japan. The 
sludge composition was previously reported (Maeda et al., 2009). Total solid (TS) composed 
of 3.3–4.0%, volatile solid (VS) (2.6-3.1%), suspended solid (SS) (30-41%), volatile 
suspended solid (VSS) (26-33%) and chemical oxygen demand (COD) of 44-51g/L. Protein 
was the main component of the sludge (40%–45% of total solid), followed by carbohydrate 
(12%–14% of total solid) and lipid (11%–13% of total solid). Raw sludge was washed three 
times by centrifugation at 8,000×g for 10 min at 4°C, and the pellet was resuspended in 
distilled water, before adjusting its concentration to 25% (w/w) with distilled water. 
 
3.2.2. EPS extraction 
 The prepared sludge was used for EPS extraction according to published methods 
using ethylenediaminetetraacetic acid (EDTA) as an extractant with ultrasonic and autoclave 
treatments (Liu & Fang, 2002). As reported, formaldehyde plus NaOH is the most efficient 
method for EPS extraction and follow by EDTA method, however the difference of the 
amount of extracted EPS is not major (Liu & Fang, 2002). In addition, under treatment of 
NaOH not only EPS is extracted but also sludge components are breakdown and at high pH 
the cellular substance is more susceptible by the effect of alkaline treatment (D.-H. Kim, 
Jeong, Oh, & Shin, 2010). This study mostly focused on the effect of EPS removal on 
methane production by anaerobic digestion therefore EDTA method was selected since its 
high ability of EPS extraction. A flowchart illustrating each method is shown in Figure 3.1. 
After EPS extraction, the pellet was washed twice to completely remove the extractant that 
remained in sludge, and it was used for methane fermentation, while the supernatant was 
processed by centrifugation and membrane dialysis. The supernatant included extracted EPS 
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was transferred to porcelain disk and dried in drying-oven at 105oC for two days. The 
extracted EPS was measured by the weight subtraction of the disk before and after drying 
process. According to a reported method (Liu & Fang, 2002), 2% EDTA should be used for 
the extraction process, but different EDTA concentrations (0.1, 0.5, 2, and 4%) were tested in 
the present study to determine the effects of different degrees of EPS extraction by EDTA in 
methane fermentation. To verify that the effects of EDTA on anaerobic digestion with EPS-
extracted sludge were not due to the presence of EDTA itself in the fermentation culture, an 
additional fermentation vial (20 g of 25% raw sludge) with EDTA at a 2% final concentration 
was incubated at 37°C in a shaking incubator at 120 rpm for 15 days (Bio-shaker, BV-180LF, 
Taitec, Japan). To observe any structural changes in the sludge after the EPS extraction 
process, 5 mL of sludge samples with or without pre-treatment were directly analyzed using a 
scanning electron microscope (SEM) where the surfaces of the samples were compared by 
SEM visualization (Hitachi S-3500N) (Mohd Yasin et al., 2013). 




3.2.3. Methane production 
The fermentation process used 20 gof 25% sludge (16 g of treated sludge as a 
substrate and 4 g of raw sludge as an inoculum) in 50-mL vials. The inoculum to sludge ratio 
(0.25) was based on dry solid basis (Raposo, Banks, Siegert, Heaven, & Borja, 2006). The 
fermentation vials were sealed with crimped butyl rubber stoppers and sparged with nitrogen 
for 5 min and subsequently incubated at 37°C in a shaking incubator at 120 rpm for 15 days 
(Bio-shaker, BV-180LF, Taitec, Japan). Each day, 50 µL of the headspace gas was analyzed 
using gas chromatography (GC) using a 6890 N gas chromatograph (Agilent Technologies, 
Glastonbury, CT) equipped with a 80–100 mesh Porapak Q column (Suppelco, Bellefonte, 
PA) and a thermal conductivity detector. The injector and detector were maintained at 100°C 
and 200°C respectively. The nitrogen carrier gas flow rate was maintained at 20 mL/min and 
the column temperature was 70°C.  
 
3.2.4. Vital microbial community analysis 
3.2.4.1. RNA extraction and complementary DNA synthesis 
A 4-mL sample of fermented sludge was mixed with 3 mL of RNAlater 
solution (Formerly Ambion, Applied Biosystems) in a 15-mL falcon tube before 
centrifugation at 15000rpm for 2 min. The cell pellet was chilled using dry ice dissolved with 
ethanol for 30 s and stored at–70°C before RNA extraction. The total RNA was extracted 
using an RNeasy kit (Qiagen, Inc., Valencia, CA) with a bead beater (Wakenyaku Co. Ltd, 
Kyoto Japan, model 3011b),as previously described (Mohd Yusoff et al., 2012). The 
complementary DNA (cDNA) was synthesized from the extracted RNA using a PrimeScript 
RT reagent kit Perfect Real Time with random oligomers (TAKARA Bio Inc.). Agarose gel 
electrophoresis was conducted to verify the success of RNA isolation and cDNA synthesis. 
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The cDNA were used later as the DNA template for denaturing gradient gel electrophoresis 
(DGGE) and real-time polymerase chain reaction (RT-PCR) quantification.  
 
3.2.4.2. DGGE  
To analyze the changes in the bacterial community, DGGE was conducted 
using the cDNA samples. The PCR amplification was performedusing a RoboCycler 
Gradient 40 (Strategene). The nucleotide sequences of the primers were shown in Table 3.1.  
Table 3.1. Primer and probe set used in RT-PCR analysis 
Target 
group 












(Lee et al., 
2008) 
Reverse primer GCCATGCACCWCCTC T 
TaqMan Probe AGGAATTGGCGGGGGAGCAC 
Bacteria 






2002) Reverse primer GGACTACCAGGGTATCTAATCCTGTT  
TaqMan Probe CGTATTACCGCGGCTGCTGGCAC 







Bacteria Primer 2 ATTACCGCGGCTGCTGG 





Primer 3 had the same sequence as primer 1 but its 5′-end had an additional 40-
nucleotide GC-rich sequence (GC clamp). Combinations of primers 1and 2 or primers 2 and 
3were used to amplify the 16S rDNAregions in the different bacterial species that 
corresponded to positions 341–534 in Escherichia coli(Muyzer et al., 1993). The PCR cycle 
was as follows: initially 94°C for 5 min, then 94°C for 1 min, 63°C for 1 min decreasing by 
1°C every cycle until 57°C, 72°C for 1 min, followed by 18 cycles of 94°C for 1 min, 57°C 
for 1 min, and 72°C for 1 min, with a final step at 72°C for 25 min. DGGE was performed 
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using an 8% (w/v) acrylamide gel, which contained a 30%–57% denaturant gradient. 
Electrophoresis was conducted in 1×Tris/Borate/EDTA (TBE) buffer for 7 h at 60°C and 50 
V. The gel was stained with ethidium bromide (0.5 µg/mL) for 45 min, and the stained gel 
was visually scanned using Astec Imagersoftware (Gel Scene Imaging system). The 
visualized bands were excised and immersed in sterilized water overnight before use for PCR 
amplification. A 2.3-µL aliquot of the mixture was used for PCR amplification with the 
primer set without the GCclamp. Electrophoresis was performed using the entire PCR 
product by 0.8% agarose gel at 100 V for 25 min to facilitate verification and purification. 
The visualized bands were extracted using a QIAquick Gel extraction kit (Qiagen). The 16S 
rRNA gene fragments were sent for DNA sequencing by FASMAC Co. (Japan).The 
sequencing results were compared with reference sequences in the National Centre of 
Biotechnology Information (NCBI) nucleotide sequence database. 
 
3.2.4.3. RT-PCR quantification 
RT-PCR was performed to quantify the 16S rRNA gene abundance in the total 
Archaea and bacterial groups. An RT-PCR system (Step one, Applied Biosystem) was used 
for amplification and fluorescence detection. The primer and probe sets used are shown in 
Table 3.1. The reaction mixture comprised the following: 10 μL of Taqman fast advanced 
master mix (2×), 0.72 μL of each primer (final concentration, 900nM), 0.34 μL of TaqMan 
probe (final concentration, 200 nM), 6.22 μL of nuclease-free water, and 2 μL of cDNA 
template. The operating protocol was as follows: UNG incubation at 50°C for 2 min, 
polymerase activation at 95°C for 20 s, and 40 cycles of PCR at 95°C for 1 s and 60°C for 20 
s. Each cDNA template prepared for the reaction was analyzed in triplicate. The standard 
curves were calculated as previously described (Lee et al., 2008). Representative strains were 
used to construct standard curves (Table 3.1). Tenfold serial dilutions were generated and 
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amplified in triplicate using real-time PCR with the corresponding primer and probe sets. The 
CT values were plotted against the logarithms of the initial template copy numbers. 
 
3.2.5. Analytical methods 
3.2.5.1. Sludge reduction and supernatant collection 
Sludge reduction was measured as previously described by Maeda (2011). 
Sludge samples (before and after fermentation) were collected (10 g wet weight) and 
centrifuged at 18,000×g for 10 min. The pellets were transferred to porcelain dishes and dried 
in an oven (D-300, IUCHI, Japan) at 105°C for 2 days to determine the dry weight. The 
supernatant were centrifuged at 13,000 rpm for 7 min to remove any remaining suspended 
solidsandwere used to measurethe soluble chemical oxidation demand (SCOD) and protein 
concentrations. The other analysis such as total solid (TS), volatile solid (VS), suspended 
solid (SS), volatile suspended solid (VSS), carbohydrate and lipid were measured as 
described in previous study (Maeda el al., 2009). 
 
3.2.5.2. Analysis of soluble chemical oxygen demand (SCOD) and protein 
concentration 
The independent vials were sampled for the first 5 days prior for SCOD and 
protein concentration measurement. The protein concentrations were analyzed using the 
Lowry method where bovine serum albumin was used as the standard substance (X. Li et al., 
2009). A UV/Vis spectrophotometer (V-530, Jasco, Tokyo, Japan) was used to measure the 
absorbance of samples. To determine the SCOD concentration, the supernatant was diluted to 
an appropriate concentration and measured with a COD meter (COD-60A, DKK-TOA 
Corporation, Japan). Five mL of sample was mixed with 2 ml of solution I (143C143) and 0.5 
60 
 
ml of solution II (143C144) and reflux by COD meter. All reagents and COD measurement 
were according to manufacturer’s protocol (DKK-TOA Corporation, Japan).  
 
3.3. Results and discussion 
3.3.1. Extracted EPS weight and structural changes in the sludge after EPS 
extraction  
 Figure 3.2 shows the amounts of EPS extracted using the different methods shown in 
Figure 3.1. EPS treatment with 2% EDTA obtained the highest weight of EPS, i.e., 296 ± 10 
mg/g dry-weight sludge, compared with other methods. The amount of EPS extracted by 
EDTA increased with the concentration of EDTA from 0.1 to 2%. However, when the EDTA 
concentration was 4%, there was no severe different between 2% and 4% EDTA used. The 
amount of EPS extracted by autoclaving was higher than that by ultrasonic method, and the 
lowest amount was obtained with the control, which was subjected to centrifugation alone. 
These results agreed with those reported in previous studies, where chemical extraction 
generally obtained higher amounts of EPS compared with physical methods (Pan et al., 2010). 
EDTA appears to be the most effective method because of its ability to increase the solubility 
of EPS (Adav & Lee, 2008; Comte, Guibaud, & Baudu, 2006). 
Figure 3.2. Extracted-EPS weight by different extraction methods 
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The structure of the sludge after treatment with 2% EDTA is shown in Figure 3.3. 
Sludge disintegration was apparently enhanced in sludge samples subjected to EDTA 
treatment. In the untreated sludge, sludge components flocculated together with a dense 
morphology (Figure 3.3a). In contrast, the removal of EPS from treated sludge using EDTA 
produced sludge with a smaller structure, and the sludge floc was significantly interrupted 
(Figure 3.3b). Improved sludge disintegration enhanced the hydrolysis stage during the 
anaerobic digestion process, as discussed later. 
Figure 3.3. Scanning electron microscope (SEM) micrograph under 
500× magnification of (a) sludge without treatment and (b) sludge 
treated by EDTA 2% 
 
3.3.2. Effects of EPS extraction on sludge reduction and changes in the 
composition 
 Subsequently, the reduction level of each treated sludge were evaluated on days 5, 10, 
and 15 of the methane fermentation process, and the results are shown in Figure 3.4. The 
highest ratio of sludge reduction was obtained when the sludge EPS was extracted with 2% 
EDTA, which rapidly increased by 38.2 ± 1% after 5 days of incubation. After pre-treatment 
with 2% EDTA, sludge reduction was significantly enhanced and it reached 49 ± 5% at the 
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end of the digestion process compared with 27.1 ± 1% for the control. The sludge reduction 
ratio for the sludge subjected to ultrasonic treatment was 28 ± 4%, which was slightly higher 
than the control. Autoclaving produced a sludge reduction ratio that was similar to the control. 
The low sludge reduction was observed compared to blank at day 5 might be due to the 
reductions of bacterial community from autoclave and ultrasonic treatment. The bacterial 
community was important in order to effectively utilized sludge as a carbon source (X. Li et 












Figure 3.4. Sludge reduction ratio during fermentation process  
Hydrolysis is the first stage of the anaerobic digestion process, where polymer 
materials in the sludge break down into smaller molecules (Demirel & Scherer, 2008). 
Therefore, we used sludge where the EPS was extracted with 2% EDTA to investigate sludge 
reduction during the 5 initial days of fermentation to determine the effects of EPS removal on 
sludge hydrolysis. The result shows that pre-treatment with 2% EDTA helped to improve the 
hydrolysis stage of anaerobic digestion, resulting in a higher sludge reduction ratio compared 
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with the control (Fig. 3.5a) from the first day, which persisted throughout the fermentation 
process. To corroborate this result, the components of the fermentation culture were also 
investigated during hydrolysis, particularly protein because it was the major component of 
the sludge used in this study (Maeda et al., 2009). The SCOD also indicates that the particulate 
organic matter in the sludge becomes soluble in the liquid phase (Y. Yan, Chen, Xu, He, & 
Zhou, 2013). Therefore, the protein and SCOD concentrations were analyzed. Figure 3.5b 
shows the changes in the SCOD and protein concentrations during the initial stage of anaerobic 
digestion from three independent experiments.  
Figure 3.5. Sludge reduction ratio (a) and component changes (b) 
during hydrolysis stage 
The SCOD concentration of the fermentation culture with 2% EDTA pre-treatment was 
higher than that of the control, and it continued to increase throughout the incubation period. 
On the first day of fermentation, pre-treatment with EDTA increased SCOD by approximately 
threefold compared with no EDTA treatment (31 ± 3mg/L compared with 12 ± 2 mg/L, 
respectively). The protein concentration exhibited a trend similar to SCOD. Fermentation 
culture of the sludge where EPS was extracted by 2% EDTA yielded a higher protein 
concentration compared with the control. On initial day and day 5th, the protein 
concentrations of the sludge, where EPS was extracted using 2% EDTA, and control were 75 
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± 5 and 241 ± 9 µg/mL and 14 ± 3 and 204 ± 9 µg/mL, respectively. We concluded that pre-
treatment with 2% EDTA increased sludge disintegration and enhanced the hydrolysis step, 
thereby resulting in greater release of soluble materials into the liquid phase; these precursors 
were the main substrates for the further stages of the methane production process. The 
increase in nutrient contents such as carbohydrate and protein after EPS removal was proved 
by other studies (Adav and Lee, 2008). Several attempts have been made to remove EPS in 
sludge such as formaldehyde, formaldehyde plus NaOH and ultrasonication. Although the 
methods are different, the constituent of EPS extracted by different treatments mostly 
includes protein, carbohydrate and humic acid. Extracted EPS from sludge also consist of 
lipid, uronic acid and DNA (Adav & Lee, 2008; Liu & Fang, 2002). 
 
3.3.3. Methane production using sludge with extracted EPS 
As shown in Figure 3.6, we aimed to explain the effect of EPS removal on methane 
production at the early phase of fermentation, particularly in hydrolysis phase. Thus, the 
experiments were carried out for the first 15 days to compare the rate of methane production 
by different pre-treatment method. Methane production from sludge where EPS were 
extracted by 2%EDTA had the highest productivity, i.e., 8881 ± 109 µmol/g dry-weight 
sludge, at the end of the fermentation process (Figure 3.6). Fermentation using sludge that 
received 2% EDTA pre-treatment increased methane production from the second day, and 
this persisted throughout the fermentation process. The methane productivities from sludge 
where EPS was extracted with different EDTA concentrations (0.1, 0.5, and 4%) were related 
to the amount of EPS extracted because a large volume of methane gas was produced from 
treated sludge, where a large amount of EPS was extracted. Extraction using the ultrasonic 
and autoclave methods yielded methane productivities similar to the control, although these 
two methods were more efficient at removing EPS when compared to control. However, pre-
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treatment with 2% EDTA was found to be the most efficient in removing EPS. This may be 
explained by the reductions in the bacterial community caused by the ultrasonic and 
autoclave treatments. As mentioned earlier, 2% EDTA pre-treatment enhanced the initial 
hydrolysis stage of fermentation, which is the stage with the highest EPS removal efficiency. 
This helped to generate greater quantities of precursors for the later stages of fermentation, 
which resulted in higher methane production. 
 
Figure 3.6. Methane production from EPS-extracted sludge by 
different extraction methods 
Another study was conducted to verify that the positive effect of EDTA treatment for 
methane production was not because of EDTA remained in the sludge after treatment. 
Methane production was tested in the presence and absence of 2% EDTA. However, the 
results showed that EDTA had a negative effect on methane production; and after15days of 
incubation, the methane productivity in the presence and absence (control) of 2% EDTA were 
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4033 and 57763 µmol/g dry-weight sludge, respectively. This supported our conclusion that 
the improved methane productivity from sludge where the EPS was extracted by EDTA was 
initially induced by EPS removal. 
 
3.3.4. Bacterial community analysis by DGGE 
The template used for DGGE analysis was the cDNA synthesized from the RNA 
extraction product, which was employed to evaluate the active bacteria in each condition. 
Several bands were detected by DGGE (Fig. 3.7) of the fermentation cultures with and 
without (control) 2% EDTA pre-treatment on day 5 of the incubation. The six major bands 
(B1–B6) in the EDTA samples with higher intensities than the control were excised and sent 
for sequence analysis. In the control, band B3 and 4 were matched with the EDTA sample, 
however in the EDTA sample, the band intensity are much higher than in the control. The 
phylogenetic affiliations showed that B2 was an uncultured bacterium (Accession No. 
JN048271) and that B6 was an uncultured beta proteobacterium (Accession No. DQ295408), 
and their similarities were 93% and 94%, respectively. B1, B3, B4, and B5 were most closely 
related to the phylum Firmicutes. The B1 sequence closely matched (96%) 
Clostridiumproteolyticum (Accession No. NR029250), which is a hydrolytic anaerobe that 
exhibits extracellular protease activity, and its optimal pH and temperature for growth are 
6.0–8.0 and 30–37°C (Jain & Zeikus, 1988). It ferments a variety of proteinaceous substrates, 
and acetate and CO2 are the major products with H2. The B3 band shared high similarity 
(94%) with Clostridium mayombei (Accession No. NR104744), which is an acetogenic 
bacterium with optimal growth conditions of pH 7.3 and 33°C(Kane, Brauman, & Breznak, 
1991). This strain grows on carbohydrate, sugar, and organic and amino acids, where acetate 
is the usual principle fermentation product with these substrates. The sequencing results for 
B4 and B5 were similar to (97 and 95%, respectively) Clostridium drakei (Accession No. 
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NR044942) and Clostridium carboxidivorans (Accession No.NR104768), respectively. These 
are primarily acetogenic bacteria, which can grow on fermentable carbohydrate, glucose, and 
cellulose, where acetate and butyrate are the main end-products of metabolism (Liou et al., 
2005). Therefore, the synergic effects of these dominant strains in the fermentation culture of 
sludge where EPS was extracted by EDTA improved the hydrolysis and acetogenesis stages. 
The materials generated were precursors for methane formation, which resulted in higher 













Figure 3.7. DGGE profile of the culture sampleswith (EDTA) and 
without (control) pre-treatment of EDTA 2% at day 5th of incubation 





3.3.5 Quantification of archaeal and bacterial groups 
 RT-PCR was used to quantify the total archaeal and bacterial communities in the 
fermentation samples with and without 2% EDTA pre-treatment on day 10 of the incubation 
process because the highest difference in methane production was observed on this day. We 
also quantified the variation in the 16S rRNA gene concentrations of archaea and bacteria. 
The total concentrations of archaea in fermentation samples with 2% EDTA pre-treatment 
were significantly higher (2.2±0.4 × 109 copy/mL) than the control (2.7±0.2 × 106 copy/mL). 
This indicates that the archaeal community, which is the major methanogenic group (Yu, Lee, 
Kim, & Hwang, 2005), was increased and that this resulted in higher methane productivity 
(Figure 6).The total bacterial populations in the culture samples with and without 2% EDTA 
pre-treatment were 5.9±0.3 × 1012 and 1.6±0.1 × 1012 copy/mL, respectively. Therefore, the 
EPS extraction process had a positive effect on enhancing the methanogenic population 
during the anaerobic digestion process. 
 
3.4. Conclusions 
In this study, we investigated the effects of EPS extraction on the anaerobic digestion 
process. The removal of EPS produced WAS with a smaller structure, which enhanced sludge 
dispersion and the hydrolysis step. In addition, the synergic effects of the dominant 
proteolytic and acetogenic strains in the fermentation culture of sludge, where the EPS was 
extracted by EDTA, improved the hydrolysis andacetogenesis stages. Thus, pre-treatment 





CHAPTER 4: CONCLUSIONS AND SUGGESTION 
 
4.1. Conclusions 
The thesis have presented the two research study in the topic Biochemical approaches 
to enhance methane production and sludge reduction by anaerobic digestion of waste 
activated sludge. Firstly, the increment of methane production by the treatment of an 
antibiotic has been conducted and positive results have been observed. The conclusions 
withdrawn from this study can be listed as below: 
 Methane production in presence of Azm was increased about twofold compare to the 
control. 
  Azm induced the growth of acid-producing bacterial communities which synthesized 
more precursors for methane formation.  
 Hydrolysis as well as acetogenesis stages were improved by the dominant Clostridium 
species.  
 In the presence of Azm, the total population of archaeal as well as bacterial groups 
was improved resulted in higher methane productivity achievement.  
Secondly, the pre-treatment of sludge by removing extracellular polymeric substances 
(EPS) has been applied prior to the methane production by anaerobic fermentation process. 
The conclusions obtained from this study can be listed as below: 
 The removal of EPS produced WAS with a smaller structure, which enhanced sludge 
dispersion and the hydrolysis step.  
 The synergic effects of the dominant proteolytic and acetogenic strains in the 
fermentation culture of sludge, where the EPS was extracted by EDTA, improved the 
hydrolysis and acetogenesis stages.  
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 Pre-treatment with EDTA yielded abundant precursors for methane formation, which 
resulted in higher methane productivity.  
To date, these two biochemical approaches are novel since there are no literature 
review mentioned such effects on the anaerobic digestion process. 
  
4.2. Suggestions 
There is a general agreement among the wastewater treatment experts worldwide that 
WAS is not a waste, but a source of valuable resources. The major factors behind this 
acceptance are sustainability and environmental concerns (resource depletion, soil pollution 
and global warming); hike in energy prices, stringent directives for sludge disposal and 
increasing pressure and protest from environmental authorities and from the public domain. 
The research topics presented in this thesis focus on the application of biochemical methods 
to utilize WAS as a supply substrate source and to enhance the production of biogas which is 
a renewable energy resource. To advance the study, following recommendations are 
suggested: 
 Firstly, the application of an antibiotic to enhance methane production from WAS by 
anaerobic digestion was investigated. However, the deep mechanism of the process must be 
further investigated. The specific bacteria which act as factor to increase methane production 
should be determined and specified. In addition, the understanding of bacterial community 
reaction when an antibiotic is applied should be figured out. Once those questions are 
revealed, it will bring a new prospect regarding organism control and orientation application 
to deal with WAS generation problem as well as biogas recovery.  
Secondly, the role of EPS in sludge flocculation has been profound researched. 
However, to date there is only the study in this paper has presented its removal affecting on 
enhancement of methane production. The mechanism of how EPS removal can help to 
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increase methane gas is well-understood. Through the study, the approach to remove EPS and 
foster biogas production has been proofed and it may be open a new gate in which the 
method to remove EPS can be expand and advance in term of large scale with cost-benefit 
achievement. 
Finally, management of excess sludge is a serious concern, and due to socio-economic 
and environmental regulation factors, it is a challenging task for the wastewater treatment 
sector. Conventional sludge disposal methods such as incineration, disposal in landfills, 
disposal in oceans and land application are already facing elevated stress. Thus, selection of 
an efficient and sustainable way for WAS management is an enormous challenge for 
wastewater treatment authorities. At the same time, a worldwide climb in fuel prices, rapidly 
depleting non-renewable resources due to rising demand and supply burden, public awareness 
as well as climate change issues driven the interest of scientific community to utilize the 
WAS as a valuable resource of renewable energy recovery.  
In conclusion, the establishment of the WAS derived biogas recovery system in large 
scale with the improvement of the methane production by applying the presented method in 
this paper will help to produce environmentally products, reduce the dependency on non-
renewable resources thus facilitate the conservation  of natural resources, decrease the human 
health risk and environmental pollution (by complete elimination of the pathogens, reducing 
the risk of soil and ground water contamination from heavy metals and other emerging 
contaminants associated with land filling and land application of WAS, reducing the green 
house gas emissions associated with burning of fuels for WAS incineration) as well as offers 
the routes for sustainable management of WAS. However, the future efforts must also 
involve the scale up (laboratory scale to the pilot scale or commercial scale) of WAS to 
biogas conversion techniques. The cost effective production of value added products with 
supply chain management and environmental compatibility are another major issues also 
72 
 
needs the simultaneous attention during the development of the processes. The major issue 
with the methane recovery from WAS is related to manufacturing cost of value added 
products versus the market price. Nevertheless, the success of the WAS to biogas system will 
depend mainly upon the technical and economical feasibility, environmental sustainability, 
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